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ABSTRACT

Three major concerns in the science o f materials today are control over structure and
function at the molecular level, biodegradability, and scalability o f production. Polymeric
materials, notably polyelectrolyte multilayer films, have shown considerable promise in
all these areas, and for rational development o f multifunctionality. Polypeptides
constitute an especially interesting class o f polyelectrolyte, given their inherent
biodegradability, means o f control over structure, methods o f large-scale synthesis, and
ability to encode biological information. Relatively little is known, however, about
polypeptide multilayer films, despite recent advances in the general area.
In this dissertation, ten heteropolypeptides were designed and synthesized by Fmoc
chemistry. These peptides and homopolypeptides available from a commercial source
have been used to carry out a systematic study o f the physical basis o f polypeptide
multilayer film assembly, structure, and stability, in order to gain a greater grasp o f the
roles o f different kinds o f non-covalent interaction, degree o f polymerization, and
polydispersity. The data show that amino acid composition, sequence, and specific
combination o f anionic and cationic polypeptides together determine film growth
behavior, secondary structure content, overall density, surface morphology, and
susceptibility to environmental perturbations. The peptides are largely unstructured in
solution but tend to form /3 sheets in a multilayer film at neutral pH. Electrostatic
interactions dominate polypeptide adsorption and film stability, but hydrophobic

iii
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interactions and hydrogen bonding have a significant influence on internal structure and
surface morphology, decreasing film density and increasing film thickness and roughness.
Experimental results o f polypeptide multilayer films correlate well with molecular
dynamics (MD) simulation results o f interpolyelectrolyte complexes (IPECs) o f the same
polypeptide designs. Microcrystals o f pyrene, a hydrophobic model drug, have been
encapsulated by the polypeptides used in film study. The dmg release kinetics have been
found to depend on precoating material, polypeptide structure, and microcapsule
architecture.
The results

o f this

dissertation will

inform

materials

science,

studies

of

polyelectrolyte multilayer films and micro/nanocapsules, and protein folding. In
particular, this work will help to provide a foundation for the engineering o f novel
peptide-based biomaterials for a variety o f purposes, such as enantiomeric separations,
antimicrobial films, artificial skin grafts, cell and tissue culture, biodegradable implant
coatings, artificial cells and drug delivery systems.
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y is the real fluorescence intensity o f pyrene, x is the release time, yO
estimates the maximum fluorescence intensity o f pyrene, t\ and t2 are
time constants o f two release phases, A 1 and A2 evaluate their relative
contribution to pyrene release. Average hydrophobicity/hydropathy o f
polypeptide microcapsules was calculated using average values of
coupled polypeptides (Table 6.1). Taking into account the requirement
o f charge neutralization, the architecture o f multilayer films may differ
from each other depending on the match degree o f charge density o f
paired polypeptides: the ratio o f two oppositely charged polypeptide
molecules is 1:1 in matched pairs and 1:2 (or 2:1) in mismatched pairs
(Figure 4.9a, [207])........................................................................................
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CHAPTER 1

INTRODUCTION

1.1 Polypeptides
1.1.1 Biomacromolecules
Biomacromolecules, also known as biopolymers, could be said to fall into four
general categories: proteins (and polypeptides), polysaccharides, nucleic acids, and
phospholipids [1], Proteins are essential to the structure and function o f all living
organisms; polysaccharides are an important storage and transport form o f energy in most
living organisms; nucleic acids are responsible for storing and transmitting genetic
information; and phospholipids are essential to the structure and function o f living cells.
Due to their inherent biocompatibility and biodegradability, these biomacromolecules
have been widely used as building blocks to produce potential biomaterials for a broad
range o f applications (for examples, see [2-5] for proteins and polypeptides, [6] for
polysaccharides, [7-9] for nucleic acids, and [10] for phospholipids), especially
polypeptides.
1.1.2 Proteins and Polypeptides
Proteins are linear chains o f amino acids connected by peptide bonds. A typical
protein is at the nanometer scale. Proteins are able to self-organize and self-recognize
other molecules and function repetitively with exquisite specificity. Therefore, they are

1
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also known as nanometer-scale machines o f remarkable functional variety. In addition,
proteins play an important role in some natural materials, such as human hair, muscle,
tendon and spider silk. Proteins constitute about half o f the dry mass o f a living organism

[11].
In an amino acid, the central a carbon is surrounded by four different substituents,
namely an amino group, a carboxyl group, a hydrogen atom, and a variable side chain
(Figure 1.1). The resulting polypeptide chirality is important for its bio functionality and
characterization o f internal structure. However, it is amino acid side chains that
distinguish one polypeptide from another. For unmodified 32mer polypeptides, the 20
usual amino acids alone could provide ~1041 distinct chemical structures. At neutral pH,
some amino acid side chains are charged, acting as a weak acid or a weak base. Others
are uncharged, either hydrophilic and polar or hydrophobic and nonpolar. This
characteristic enables and diversifies molecular self-assembly o f polypeptides, allowing
realization o f multifunctional biomaterials. In view o f this, polypeptides are particularly
promising for research on the assembly, physical property, stability, and biological
function o f those biomaterials fabricated with bottom-up approach.

(b)

(a)

H

H
h 3n +— “C

h 2n — ° c — c

O

C !©

OH

O

R

R

General structure

Zwitterion structure

Figure 1.1 Structural formula o f amino acid: (a) general and (b) zwitterion structure. At
neutral pH, the amino and carboxyl groups in an amino acid are both charged.
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In general, there are four hierarchical levels in protein/peptide-based structures
(Figure 1.2), which were first defined by K. Linderstroom-Lang in the 1950s [12].
Primary structure indicates the amino acid sequence in a polypeptide chain. Secondary
structure denotes the local interactions within a polypeptide chain. The most common
types are a helices and /? sheets, which were predicted by L. Pauling and R Corey in the
early 1950s [13,14] and visualized in proteins shortly thereafter. Hydrogen bonds formed
within the polypeptide backbone are essential to the stability o f a helices and /3 sheets
though they are relatively weak electrostatic interactions. Tertiary structure refers to the
overall shape o f a polypeptide chain defined by the relative spatial orientation o f
secondary structure elements as well as the non-covalent contacts between amino acids.
Not only hydrophobic interactions, hydrogen bonds, ionic interactions but also covalent
disulfide bonds contribute to tertiary structure, most o f which are non-local interactions.
Quaternary structure is the relationship between polypeptide chains when more than one
is involved in forming the overall protein structure.

Primary
structure
A mmo acid sequence
Secondary
structure

(b)

P leated sh eet

R an d o m coil

Tertiary

(c) I

s tru c tu re

polypi

Tw o or more
polypeptide chains

Quaternary
structure

Figure 1.2 Four hierarchical levels o f protein/polypeptide structure. [15]
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1.2 Fabrication Methods for Multilayer Films
and Micro/Nanocapsules
1.2.1 Other Methods
Three main methods for mono/multilayer thin film fabrication are Langmuir-Blodgett
technique, electrostatic layer-by-layer self-assembly, and chemical self-assembly.
Langmuir-Blodgett technique is used to construct amphiphile multilayer films with
extremely high molecular order, but it is only suitable for small and flat substrates.
Electrostatic layer-by-layer self-assembly is used to construct polyelectrolyte multilayer
films with relatively low molecular order, but it is almost suitable for substrates o f any
size and shape. Chemical self-assembly is applied to surface modification by constructing
monolayer based on chemical bond formation with thiol or silane compounds.
There are several methods for micro/nanocapsule fabrication. First, amphiphilic
molecules, such as lipids and block copolymers, can aggregate to form vesicular
structures under given conditions [16]. Second, micro/nanocapsules can be formed by
emulsion polymerization

and/or phase

separation

[17].

Third,

dentrimers

and

hyperbranched polymers can be used for micro/nanoencapsulation. Last but not least,
polyelectrolyte complex can cover the sacrificial core layer by layer, resulting in
polyelectrolyte multilayer micro/nanocapsules [18,19].
1.2.2 Layer-bv-Layer Self-Assembly
Layer-by-layer self-assembly (LBL) is a technique for multilayer thin film fabrication
b y alternate dipping a charged solid support into solutions o f oppositely charged species,

usually polyelectrolytes (Figure 1.3) [20], This technique is attractive because it is simple,
versatile, environmentally benign, and easy for commercialization. In most cases, the
basic principle o f LBL is coulombic attraction and repulsion, respectively inducing and
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limiting polyelectrolyte adsorption and film growth [21]. Thus, few limitations are placed
on adsorbing species, surface area, as well as size and shape o f solid support. Subtle
changes in molecular composition and organization can have great effects on the internal
structure, physical property, stability and functionality o f multilayer films, which enables
exquisite control over the characteristics o f final product.

Positive
polyelectrolyte

Buffer/
water

Negative
polyelectrolyte

Buffer/
water

*

Figure 1.3 Schematic illustration o f one cycle o f LBL.

LBL can be described as the kinetic trapping o f charged polyelectrolytes from
solution to a solid surface [20]. Upon adsorption, polyelectrolyte complexation occurs at
the interface o f two phases. Overcompensation and therefore reversal o f surface charge
follows — an essential requirement for successful film formation. The thickness per layer
is on the order o f nanometers and multilayer deposition is in a predetermined sequence,
which enables film design and engineering at the molecular scale. In general, multilayer
films are somewhat amorphous, with neighboring layers interpenetrating extensively [20].
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However, the degree o f molecular order within multilayer films will depend on the
polyelectrolytes.
In order to apply LBL to micro/nanocapsule fabrication, it is necessary to solve two
problems: separation o f the coated colloidal particles from free and excess polyelectrolyte
and polyelectrolyte flocculation caused by the formation of polyelectrolyte complexes
and particle aggregation [18]. Either centrifugation or filtration can be used for separation.
To avoid polyelectrolyte flocculation, the initial colloidal particles and each o f
polyelectrolytes must be sufficiently charged and the amount o f polyelectrolytes in
solution must be large enough to ensure complete coverage.

1.3 Polypeptide Multilayer Films
1.3.1 Weak Polvelectrolvtes and
Polypeptides
Since the development o f LBL in the early 1990s, diverse linear ionic polymers as
well as natural biomacromolecules, belonging to either strong or weak polyelectrolytes,
have been used to form multilayer films. Linear charge density o f a strong polyelectrolyte
is practically independent o f pH in the usual range. Salt concentration plays a key role in
the assembly, property and stability o f multilayer films. On the contrary, linear charge
density o f a weak polyelectrolyte depends on pH to a great extent [22-24], Particularly,
degree o f ionization o f side chains can vary considerably near their pKa [25]. Salt
concentration also influences effective linear charge density by counterion screening.
Polypeptides are a kind o f weak polyelectrolytes. The resonance induced partial
double-bonded character o f peptide bonds gives rise to their unique rigidity and planarity
as well as electron redistribution and polarity (Figure 1.4) [11]. It places severe limits on
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the flexibility o f polypeptide backbone and provides the potent hydrogen bond donor and
acceptor, which is crucial for secondary structure formation as well as multilayer film
assembly and stability. A polypeptide with defined amino acid sequence shows a
preference to adopt a type o f secondary structure, a helix or /3 sheet [26], Both types are
stabilized by hydrogen bonds which form between chemical groups on the polypeptide
backbone, allowing distinct backbone geometry.

O

“C

"

H

C

O

°C

°C

H

Figure 1.4 Resonance forms o f a peptide bond. Typically, the peptide bond has -60%
uncharged and single-bonded character (left) and -40% charged and double-bonded
character (right). The amide oxygen (red) and the hydrogen atom (blue) connected with
the amide nitrogen on the polypeptide backbone act as hydrogen bond acceptor and donor,
respectively.

1.3.2 Films and Capsules
Recently, protein/peptide-based multilayer coatings, fabricated by LBL, have grown
into promising novel biomaterials at the nanometer scale. Polypeptides can be deposited
onto planar substrates and spherical templates to produce multilayer films and capsules,
respectively. They have a variety o f applications in biology, medicine, and other areas,
ranging from cell and tissue culture coatings, surface modification o f implants, artificial
cells and viruses, to targeted and controlled drug delivery.
Inherently biocompatible and biodegradable, polypeptide multilayer films can be
rendered multifunctional by way o f design o f polypeptide structure and film architecture.
Exquisite control can be realized with ease over the physical, chemical, and biological
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properties o f polypeptide multilayer films and capsules. Especially, due to the unique
capability o f polypeptides to form secondary structure, the internal structure o f the
resulting multilayer films is distinctive from other polymer-based ones. Cysteinecontaining polypeptides further enable reversible disulfide bond formation within films,
providing a way o f film stabilization through biomimetics. There are considerable
degrees o f freedom in peptide synthesis, either abiotic or biotic, and whether small or
large scale production and purification are realizable without difficulty. Known as
“molecular beaker epitaxy” [27], LBL is straightforward, amenable to automation,
scalable, and environmentally friendly. Thus, the commercialization o f polypeptide
multilayer films and capsules is particularly promising.

1.4

Motivations and Objectives

The combination o f polypeptides and LBL produces unique multilayer nanostructures.
The key features o f these biomaterials arise from the distinctive building blocks:
polypeptides. Not only are polypeptides a type o f polyelectrolyte for which the linear
charge density shows a marked dependence on pH, i.e. a weak polyelectrolyte, but also
these biomacromolecules are o f fundamental importance to life. Due to the diverse
chemical functions o f polypeptide side chains, there is considerable interplay o f different
non-covalent interactions within polypeptide multilayer structures. Moreover, structural
rigidity o f backbone and capability to form secondary structure also bring uniqueness o f
these structures. H owever, the extensive study o f nonpolypeptide polyelectrolytes,

including weak polyelectrolytes, will not form a sufficient basis for predicting the
physical, chemical, and most importantly, biological properties o f polypeptide multilayer
films and capsules. Understanding the physical basis o f assembly, stability, and physical
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property is the key to materials development and application, which becomes a particular
interest o f this research.
The objectives o f this research include: rational design o f polypeptides, investigation
o f physical basis o f polypeptide multilayer films, and application in polypeptide
microcapsules. First, five pairs o f polypeptides will be de novo designed, taking into
account charge density, hydrophobicity, hydrogen bonding potential, chain length, and
capability o f cross-linking. These designed polypeptides are then produced by solid phase
peptide synthesis, purified and characterized by mass spectrometry (MS) and high
performance liquid chromatography (HPLC). Second, both designed and commercial
polypeptides are used to fabricate polypeptide multilayer films. Five complementary
techniques, namely quartz crystal microbalance (QCM), UV-vis spectroscopy (UV),
circular dichroism spectroscopy (CD), ellipsometry, atomic force microscopy (AFM), are
used to monitor assembly, measure physical properties and probe stability o f polypeptide
multilayer films. There are four questions to be answered: (1) role o f non-covalent
interactions, namely electrostatic interactions, hydrophobic interactions, and hydrogen
bonding; (2) role o f propensity to form secondary structure; (3) role o f chain length and
polydispersity; (4) role o f amino acid sequence and polypeptide interaction in assembly
behavior, physical properties, and stability. Finally, specific polypeptides are chosen to
encapsulate a hydrophobic model drug pyrene for sustained and controlled release which
will be monitored by fluorescence spectroscopy. The relationship between drug release
kinetics and the properties o f polypeptide microcapsule and encapsulant will be clarified.
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1.5 Organization o f this Dissertation
This dissertation combines polypeptides and LBL to present a new class o f
nanostructured biomaterials: polypeptide multilayer structures. The research is highly
interdisciplinary by nature, involving synthetic polymer chemistry and physics,
biomaterial science, medicine, biotechnology, and nanoscale materials engineering.
In Chapter 1, we introduce the “nature” and “design” elements o f polypeptide
multilayer films as polypeptides (building blocks) and LBL (fabrication technique),
respectively. Then, the uniqueness o f polypeptide multilayer films is highlighted, which
leads to the motivations and objectives o f this dissertation.
In Chapter 2, we present background research and literature review related to
polyelectrolyte multilayer structures. First, studies on polyelectrolyte multilayer films are
summarized, including physical basis o f assembly, characterization o f physical properties,
and stability on environmental perturbations. A summary o f studies on polyelectrolyte
microcapsules follows, focusing on encapsulation and control release.
In Chapter 3, we introduce the rationale o f peptide design, the principle o f solid phase
peptide synthesis, and various characterization techniques and instruments used in this
research.
In the following two chapters, we report a systematic investigation o f polypeptide
multilayer films. Chapter 4 has two focuses: (1) physical basis o f film assembly and
stability, including relative contribution o f non-covalent interactions, growth mode and
buildup mechanism; (2) physical properties o f polypeptide multilayer films, such as
internal structure, surface morphology, thickness and density. Chapter 5 is focused on
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film structural stability upon specific environmental perturbations, namely drying and
rehydration as well as deposition o f polyelectrolytes o f different nature.
In Chapter 6, we report an investigation o f release behavior o f a hydrophobic model
drug from polypeptide microcapsules. The influences o f model encapsulant, polypeptide
microcapsule, and dissolution medium on release kinetics are clarified.
Conclusions and future work are presented in Chapter 7.
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CHAPTER 2

BACKGROUND AND REVIEW

2.1 Polvelectrolvte Multilayer Films
Numerous informative and comprehensible reviews have already appeared on
polyelectrolyte multilayer films [20,28-37]. The following brief review will focus on
three active areas o f fundamental research: physical basis o f assembly, characterization o f
physical properties, and stability on environmental perturbations. The extensive
knowledge o f film assembly and disassembly under certain circumstances will shed light
on the development and application o f these novel biomaterials.
2.1.1 Physical Basis o f Assembly
Understanding the physical basis o f assembly is important because it will guide the
rational design o f polyelectrolytes and fabrication o f multilayer films for any purpose
[38], Polyelectrolyte multilayer film formed by LBL is realized by alternately dipping a
charged solid support into oppositely charged polyelectrolyte solutions [20]. The basic
principle o f assembly is coulombic attraction and repulsion, respectively inducing and
limiting film growth [5,38]. Upon adsorption, polyelectrolyte complexation occurs at the
interface o f the liquid and solid phase. And polyelectrolyte compensation and reversal o f
surface charge will follow, which is an essential element for successful film formation.

12
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Though polyelectrolytes behave differently in solution, complexes and multilayer films,
there is necessary relationship between their behaviors in these three phases.
2.1.1.1 Non-Covalent Interactions
Four elementary forces determine particle interactions in nature: gravitational,
electromagnetic, weak nuclear and strong nuclear. But only electromagnetism will matter
to LBL on a mechanical level, which applies to materials in general. [38] The
polyelectrolyte adsorption onto the solid support involves a decrease in molecular
entropy therefore an increase in conformational free energy. Despite the compensation o f
entropy increase due to the release o f counterions to solution, the possible forces
inhibiting the polyelectrolyte desorption can be electrostatic interactions, hydrophobic
interactions, and hydrogen bonding. All three forces have the same electromagnetic
nature but differ in bond strength, directionality, susceptibility to environmental
perturbation. It would suggest that they contribute to film assembly and stability to
different extent.
Electrostatic interactions between charged ions are a type o f strong non-covalent
interactions. However, the bond strength depends not only on interacting charged ions
and their separation distance but also on medium properties, such as the size and shape o f
neighboring chemical groups as well as the charge and concentration o f free salt ions in
medium. The study o f polyelectrolyte complexation in solution, driven by charge
neutralization, has laid the foundation for the research o f polyelectrolyte multilayer films.
It has been widely accepted that electrostatic interactions are the main driving force for
polyelectrolyte multilayer film formation [20,29,39]. There is a minimum charge density
required o f the assembling species for self-limited polymer deposition [40-44]. Sign and
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density o f charge o f the polymers and surfaces as well as salt type and concentration o f
the solvents will matter to film assembly. When polyelectrolyte adsorption finally ceases,
equilibrium will be reached among attraction between adjacent layers, repulsion in the
same

layer,

and

dissipation

within

multilayers.

Charge

neutralization

within

polyelectrolyte multilayer films occurs by “intrinsic” charge compensation by oppositely
charge polyelectrolyte or “extrinsic” charge compensation by counterions (Figure 2.1)
[45,46].

Figure 2.1 Represented by two oppositely charged polymer strands, the interior o f a
multilayer is intrinsically compensated as-made (a). W ith the addition o f salt, extrinsic
compensation occurs as ions swell the multilayer and compete for polymer charge (b). In
the presence o f additional polyelectrolyte, overcompensation from the surface into the
film is seen (c). [46]

Hydrophobic interactions stem from van der Waals interactions, defined as the
preference o f nonpolar atoms for nonaqueous environments. They are indeed an entropy
effect, for nonpolar atoms tend to interact with each other rather than with water in order
to forfeit the entropy cost o f the interface formation and surrounding water ordering upon
phase separation. Though they are weak individually, the coexistence o f a large number
o f hydrophobic interactions will matter a lot. Polyelectrolyte adsorption can be regarded
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as the movement o f polyelectrolytes from an aqueous medium to an organic crystal.
Along with electrostatic interactions, hydrophobic interactions can restructure the
solvation shell and the ionic atmosphere, acting as one o f the driving forces for
polyelectrolyte multilayer films [47], Especially, hydrophobic interactions will play an
important role in assembly when involved polyelectrolytes have chemical groups with
large accessible hydrophobic surface area, such as aromatic rings or alkyl chains. It has
been reported that 7T-7T stacking contributes to film formation when certain organic dyes
are one o f the assembling species [29].
Hydrogen bonding is indeed the electrostatic interaction between two permanent
dipoles: the first is a hydrogen atom (donor) with a partial positive charge, which is
covalently bonded to an electronegative atom, and the second is another electronegative
atom (acceptor) with a partial negative charge. Hydrogen bonding is so orientation
sensitive that the directionality o f donor and acceptor will determine bond strength and
even the probability o f bond formation. Film assembly can be driven by certain types o f
hydrogen bonding. In these cases, self-limiting assembly behavior is less possible and the
resulting film is rich o f loops and tails [48-53],
2.1.1.2 Degree o f Polymerization
and Polvdispersitv
Besides the charge density and distribution along the polyelectrolyte chain, the degree
o f polymerization and thus polydispersity also play a role in film assembly. It has been
revealed by comparative analysis o f the formation o f stable interpolyelectrolyte bulk
complexes that -2 0 or more charged groups are required for a polyelectrolyte chain
[54,55], which imposes a lower limit on its molecular weight. In particular, high
molecular weight polyelectrolytes tend to stick to the substrate surface because a large
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number o f electrostatic interactions may outweigh the entropic cost o f fixing the
translational degrees o f freedom due to polyelectrolyte adsorption. Low molecular weight
polyelectrolytes are prone to leech off the substrate surface due to a small number of
electrostatic interactions or the formation o f soluble polyanion-polycation complexes at
the solid-liquid interface. [56] Under certain circumstances, small polyelectrolytes can
even be stripped off by large polyelectrolytes (Figure 2.2) [57,58], For successful film
assembly, the longer chain length, the more polyelectrolyte adsorption [56,59,60].

3
Figure 2.2 Model o f the possible fate o f surface polyanion (low molecular weight) on
exposure to a solution o f polycation (high molecular weight). The polyanion is either
stripped off the surface to yield a nonstoichiometric quasisoluble polyelectrolyte complex
(,kj) or it adds to the surface (k2). It is also possible to lose complex from the surface (k3),
especially in the presence o f salt. For multilayer growth to propagate in a linear fashion,
k2 > kj and k3 should be negligible on the time scale o f the experiment. As shown herein,
both o f these assumptions are not necessarily met if low molecular weight polyelectrolyte
is employed. [58]

2.1.1.3 Growth Mode and Buildup
Mechanism
Some polyelectrolyte multilayer films show linear growth in mass and thickness
increment with the number o f adsorption layers [61,62]. Examples include poly(styrene
sulfonate) (PSS)/poly(allylamine hydrochloride) (PAH), PAH/poly(vinyl sulfonate) and
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poly(diallyldimethylammonium chloride) (PDDA)/PSS. On the contrary, others show
supralinear growth [63-65]. Examples include poly(L-glutamic acid) (PLGA)/PAH,
poly(L-lysine) (PLL)/hyaluronan, and PLL/PLGA. Two models dominate explanation o f
supralinear polyelectrolyte multilayer film growth: increasing surface roughness due to
charge mismatch between polycations and polyanions [29], and diffusion o f at least one
o f the polyelectrolyte species within the film [66]. In PLGA/PLL multilayers, for
example, exponential growth is resulted from the diffusion o f both polypeptides into and
out o f the film (Figure 2.3) [67]. The mass o f PLGA/PLL complexes formed above the
film per adsorption step is proportional to the mass o f diffusing polypeptides in the
previous step, which is also proportional to the film thickness. It has also been suggested
that exponential growth can arise from gel formation at the film-solution interface [68].
In any case, thorough treatment o f polyelectrolyte multilayer film growth must account
for more factors: increase in ionic strength o f polyelectrolyte solutions increases
deviation from linear growth [69], linear charge density influences amount o f
polyelectrolyte deposited [23], lower degree o f polymerization polyelectrolytes show
more linear growth than higher ones [56], and the growth mode can be controlled by
adjusting the composition o f polyelectrolyte mixtures [70].
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Figure 2.3 Schematic drawing o f the buildup mechanism o f PLGA/PLL multilayers, (a)
Beginning o f the contact between a (PLGA/PLL), multilayer with a PLGA solution, (b)
Diffusion o f PLGA chains into the film once all the mobile PLL chains have diffused out
o f it. (c) End o f step (b) resulting in a negative charge overcompensation on the
(PLGA/PLL),/PLGA film, (d) Beginning o f the contact between a (PLGA/PLL),/PLGA
multilayer with a PLL solution, (e) Diffusion o f PLL chains into the film once all the
mobile PLGA chains have diffused out o f it. (f) End o f step (e) resulting in a positive
charge overcompensation o f the (PLGA/PLL),+i film. Standing wavy lines indicate free
PLGA chains, reclining wavy lines are free PLL chains, and grey squares are formed
films. [67]

2.1.2 Characterization o f Physical
Properties
The most important physical properties o f polyelectrolyte multilayer films include
internal structure and anisotropy, surface morphology, thickness, as well as density and
permeability. Each physical property matters for specific application(s).
2.1.2.1 Internal Structure and
Anisotropy
The internal structure o f “ordinary” polyelectrolyte multilayers, such as ones made o f
“flexible” polyelectrolytes PAH and PSS, tends to be “fuzzy” and “disordered” [20]
while certain structural zones might exist within films [71]. There is considerable
overlapping o f individual layers and polymers are entangled; such films are generally
isotropic. However, ordered and even anisotropic polyelectrolyte multilayer films are
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possible [37]. For example, the use o f lyotropic ionenes can produce multilayer films
with highly ordered lamellar nanostructure [72,73]. Arys and coworkers [72] further
concluded that one o f the prerequisites o f the appearance o f order in multilayer films was
the ability o f polycation and polyanion to form structured complexes. Vuillaume et al.
[74] also found lamellar heterostructure in multilayer films containing a series o f
poly(diallylammonium)

salts with

varying

hydrophilic-hydrophobic

balance

and

bulkiness.
In particular, polyelectrolyte multilayer films are known to preserve the original
secondary structure o f proteins and polypeptides [75-78]. Boulmedais and coworkers
systematically studied the formation o f secondary structures within polypeptide
multilayer films and their susceptibility to various stresses [65,79,80]. They found that a
helix, /3 sheet and random coil could coexist in multilayer films and the secondary
structure composition oscillated in response to the alternate deposition o f oppositely
charged polypeptides. Polyelectrolyte adsorption can change the local electrostatic
environment o f the assembled polymers and bring about significant overall structure
reorganization. Besides control over the nature o f polyelectrolyte in the outermost layer,
change in pH, temperature and the composition o f the polypeptide adsorption solutions
can alter secondary structure composition o f polypeptide multilayer films [80-83],
2.1.2.2 Surface Morphology
Salt concentration plays a key role in surface morphology o f polyelectrolyte
multilayer films. Kim et al. [84] found that PAH/poly(vinyl sulfate) multilayer films
prepared in the presence o f salt exhibited rough and heterogeneous surfaces, surface
roughness increasing on the increase in the number o f adsorption layers; the opposite for
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those prepared in the absence o f salt. They proposed that this distinction was due to the
preferential anchoring o f the highly coiled and compact macromolecules from saltcontaining solution to surface. McAloney et al. [85] also reported that the surface of
PDDA/PSS multilayer films changed as salt concentration goes up, from flat and
featureless with only a slight granular texture, to small pores and some larger globular
features, to wormlike or vermiculate pattern, surface roughness increasing in this process
(Figure 2.4). They claimed that these differences could be accounted for by considering a
conformational transition from extended rod to globular coil in the bulk polyelectrolyte
solution due to increased charge screening by salt ions. However, polyelectrolyte
multilayer films tend to swell and smooth on exposure to solutions containing a very high
concentration of salt [86],

Figure 2.4 AFM topographic images o f the morphology o f 10-bilayer films o f
PDDA/PSS deposited from (a) 0.1 M, (b) 0.3 M, and (c) 1.0 M NaCl solutions. Images
are 5 pm x 5 pm, and the z scales are as shown. [85]

Multilayer films containing proteins or polypeptides exhibit distinctive surface
morphology [76,87,88]. Hybrid polyelectrolyte-protein multilayer films can have ordered,
uniform protein layers or disordered, open and permeable protein layers, determined by
the polyelectrolyte interlayer separation. Significant protein aggregation can occur when
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each protein layer is separated by one polyelectrolyte layer. [87] Film surface o f
polyelectrolyte

multilayers

containing

a-helical

polypeptides

displays

wormlike

nanoscopic structures, arising from the assembly o f stiff helical rods o f PLL or PLGA.
The orientation o f wormlike structures depends on the direction o f grooves in the
texturized silicon substrates. [76,88]
PLL/PLGA multilayers undergo a transition from thin, less hydrated, and smooth
films at intermediate pH to thick, more hydrated, and rough films at acidic and basic pH
[89,90]. It would suggest that pH influences the degree o f ionization o f polymers and
relative importance o f side chain-side chain interactions on the film surface, as well as
surface roughness. At an extreme pH, one o f the polyelectrolytes will be partially charged
while the other one is fully charged, which might cause incomplete charge compensation
in the polymer adsorption process, leading to formation o f a precipitate at the solutionfilrn interface. The surface roughness o f PLL/PLGA multilayer films also increases upon
pH shift after preparation [81]. In addition, other non-covalent interactions, e.g.
hydrophobic interactions and hydrogen bonding, will play important roles in film
assembly, influencing film surface morphology [56,91].
2.1.2.3 Thickness
Film thickness o f polyelectrolyte multilayer films depends on surrounding humidity
[92,93]. Polyelectrolyte multilayers tend to swell in humid air and in aqueous
environment [92], shrink upon drying but original film thickness can be regained on
rewetting [93]. There is substantial water content in polyelectrolyte multilayer films,
whether wet or dry [93,94]. Temperature and pH can influence film thickness with
different degree o f hysteresis, leading to swelling or deswelling [93]. In particular, the pH
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dependence o f PLL/PLGA film thickness corresponds to the known helix-coil transition
o f PLGA, which would suggest that the film undergoes a sort o f phase transition due to
the titration o f the carboxylic acid side chain. In addition, properties o f the substrate and
precursor layer also play a role in the growth o f film thickness [94].
Film thickness is also closely related to the degree o f polymerization (Figure 2.5) and
charge

density

o f polyelectrolytes

(Figure

2.6).

Short and/or highly

charged

polyelectrolytes tend to adopt more extended and flat conformation in solution and film.
On the contrary, long and/or less charged polyelectrolytes tend to adopt more coiled
conformation, forming “loops” and “tails” upon adsorption. And, conditions which
promote adsorption o f coiled structures could lead to deposition o f correspondingly large
amounts o f polylelectrolyte. So, short and matched polyelectrolytes will more likely yield
thin and dense films than long and unmatched polyelectrolytes, where matching refers to
degree o f polymerization and charge density [5,38,42], For example, the researches
involving synthetic random copolymers revealed that the maximum film thickness
occurred when one polyelectrolyte was fully charged and the other was only 70-80%
charged [95-98].

Gaussian surface, Zq = 0

No additional adsorption
Low molecular weight
polymers

Additional adsorption
High molecular weight
polymers

Figure 2.5 Schematic view o f the length-dependence o f polypeptide self-assembly. [5]
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Figure 2.6 Average bilayer thickness o f polyelectrolyte multilayers assembled at
different solution pH (both polycation and polyanion solution at the same pH). pH shift
o f deposition solution, from neutral to extreme, introduces decrease in charge density of
one polyelectrolyte and therefore charge mismatch between two polyelectrolytes.
Polyelectrolyte abbreviations here are: PAA, poly(acrylic acid); PAH, poly(allylamine
hydrochloride); PVS, poly(vinylsulfonic acid, sodium salt); SPS, polyfsodium 4-styrene
sulfonate); PDAC, polyfdiallyldimethylammonium chloride); PVT AC, poly(4vinylbenzyltrimethyl ammonium chloride). [25]

Rubner and coworkers have found that weak polyelectrolyte multilayer films undergo
dramatic changes in film thickness with a relatively small change in charge density by pH
shift o f deposition solution: the adsorbed layer thickness increases with increasing
surface

roughness

when pH

changes

from

neutral

to

extreme

(Figure

2.6)

[22,23,25,99,100]. Multilayer films o f PLL/PLGA exhibit similar pH-dependence o f film
thickness and surface roughness [89,90]. In particular, polypeptides and proteins, when
applied to multilayer assembly, will preserve a certain amount o f secondary structure
during deposition, such as a helix and /3 sheet, which will also influence film thickness.
In addition, Dubas and Schlenoff [101] have proposed a model based on ion
exchange/swelling o f multilayers to explain the dependence o f film thickness on salt
concentration and type as well as polyelectrolyte type (refer to Figure 2.1).
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2.1.2.4 Density and Permeability
Halthur and Elofsson [94] reported that the film density o f PLGA/PLL, indicated by
the film refractive index and water content, changed as the multilayer film built up. They
proposed that this change was due to the diffusion o f polypeptides into the multilayer
film as they contacted. Zhong et al. [102] have found that the film density and surface
roughness o f multilayer films made o f short designed cysteine-containing polypeptides
vary substantially over a range o f about 1.5 pH units, due to the change in ionization state
o f thiol. The pH sensitivity o f weak polyelectrolytes enables changes in film morphology
after film preparation, either irreversible or reversible [103,104]. In particular, pH/saltinduced

phase

separation

can

occur

in

poly(acrylic

acid)

(PAA)/PAH

and

dendrimer/PAA multilayer films, resulting in micro/nanopore formation and substantial
change in film permeability (Figure 2.7) [103,105,106].

(a)

(b)

1 pm

1 pm

Figure 2.7 AFM image o f the surface o f a 21-layer 3.5/7.5 (the pH o f deposition baths)
PAA/PAH multilayer film (a) before and (b) after immersion in a transition bath o f pH
2.5. The film thickness and refractive index o f these films are 950 A, 1.54, and 2790 A,
1.18, respectively. [103]

In fact, pH has been used to change film permeability o f weak polyelectrolyte
multilayers to load or release target molecules, such as water-soluble dyes and model
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drugs [107-109]. According to the ion exchange model for polyelectrolyte adsorption
(refer to Figure 2.1), Dubas and Schlenoff [101] have clarified the interplay between salt
effects and multilayer stability as salt-resistance and permeability to small ions.
Alternatively, charge state o f permeating molecules can be adjusted by pH, which also
influences the permeability o f pH-independent polyelectrolyte multilayer films to specific
molecules [110]. Besides film density, the interactions between polyelectrolytes and
permeating molecules should be taken into account for evaluation o f film permeability.
2.1.3 Stability on Environmental
Perturbations
Polyelectrolyte multilayer films have considerable stability owing to strong
electrostatic

interactions

between

oppositely

charged polyelectrolytes.

However,

disruption o f film structure and even film disintegration can occur at extremes o f pH, in
organic solvents, under drying and rehydration, or upon temperature change. Two types
o f chemical cross-linking have been used to improve the stability o f polyelectrolyte
multilayer films: irreversible and reversible. The former includes thermal/photo-induced
and chemical-treated

cross-linking,

such

as

UV

irradiation,

carbodiimide

and

glutaraldehyde [111-114]. The latter is based on reversible disulfide bond formation
between cysteine-containing polypeptides, providing a natural way o f multilayer film
stabilization [82,115,116].
2.1.3.1 p H Shift
Polyelectrolyte m ultilayer film s will remain stable in certain pH range, depending on

the degree o f ionization and thus linear charge density o f coupled polyelectrolytes. When
solution pH approaches the pKa o f the ionizable groups o f polycations or polyanions,
deprotonation or protonation and thus deionization will occur, resulting in charge
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imbalance within the film. The multilayers will disintegrate when electrostatic repulsions
due to the excess o f the same electrical charge overcompensate for electrostatic
attractions [117]. The responses o f multilayer fdms made o f PLL and PLGA upon pH
shift have been extensively studied [80,81,93]. Boulmedais and coworkers [80] reported a
partial or total dissolution o f the film and a strong reduction o f (3 sheet content upon the
sudden contact o f a film constructed at pH 7.4 with a solution at pH 1.5 or 13.5. However,
Zhi and Haynie [81] found that the same treatment resulted in a partial decomposition o f
the film but a substantial conformation change from |S sheet to predominantly a helix
structure (Figure 2.8). Alternatively, Halthur and coworkers [93] reported a nonreversible
swelling/deswelling behavior with respect to film thickness and mass when cycling the
pH o f the ambient solution.
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Figure 2.8 Structural changes in a PLL/PLGA multilayer film in the acidic pH range, (a)
Spectra o f a 10-layer film deposited on a quartz plate at pH 7.4: (1) before pH shift; (2)
pH 4.0; (3) pH 3.0; (4) pH 2.5; (5) pH 2.0; (6) pH 1.5. (b) Deconvolution results. Content
o f different secondary structures is shown as a function o f pH. [81]

2.1.3.2 Drying and Rehvdration
Kiigler et al. [92] stated that film thickness and mass o f PSS/PAH multilayers
increased with increasing humidity, due to permeation and participation o f water
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molecules into the polymer matrix. However, the small degree o f swelling in humid
environments was related to an internal screening o f the charges o f the adjacent layers
owing to the high entanglement and low mobility o f polyelectrolyte chains. Halthur et al.
[93] found that intermediate drying and measurements in air would not affect the
continuation o f the film buildup. They also reported that PLGA/PLL multilayers
underwent a reversible collapse upon drying and that the original film thickness was
regained upon rewetting without any loss in mass. Mendelsohn et al. [118] proposed that
certain structural attribute greatly influenced the swellability o f polyelectrolyte multilayer
films under physiological conditions, with the weakly ionically cross-linked structures
being able to swell substantially. Richert et al. [90] reported that PLL/PLGA films built at
acidic pH had high swellability in water while those built at basic pH had low
swellability in water.
2.1.3.3 Deposition ofPolvelectrolyte
o f Different Nature
Several researchers have reported effects on multilayer film properties attributable to
the nature o f the polyelectrolyte in the outermost layer [78,80,117,119], The degree o f
ionization o f the polymer in the film was found to be sensitive to the quantity and nature
o f polymer deposited in the outermost layer which could influence the local electrostatic
environment [117,119]. Boulmedais et al. [80] reported that deposition o f (PSS/PAH )2 on
(PLL/PLGA)„ resulted in the total disappearance o f the (3 sheet content within the film,
according to analysis b y Fourier transform infrared spectroscopy (FTIR). D iffusion o f the

strong polyelectrolyte PSS into the film and substitution o f PLGA by PSS were suggested
as mechanisms o f loss o f 13 structure.
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2.1.3.4 Temperature Change
Boulmedais et al. [80] reported that the structural reorganization o f PLGA/PLL
multilayer films depended on the way o f temperature rise in the range 26-89 °C: a slow
rise caused a reversible transition from (3 sheet to a helix but a rapid rise caused an
irreversible increase in /3 sheet. They also suggested that 13 sheet was able to stabilize
polypeptide multilayer films. Halthur and coworkers [93] found that PLGA/PLL
multilayer films were stable to slow changes in temperature in the range 25-37 °C.
showing a constant mass and relatively small and mainly reversible changes in thickness.
They further proposed that a slow temperature cycling had a somewhat stabilizing effect
on the film by the accumulation o f (3 sheet. Moreover, multilayer films made o f designed
32mer polypeptides was found very stable or undergoing highly reversible changes at
temperatures ranging from -196 °C to 100 °C [82].
2.1.3.5 Dielectric Constant Change
Muller et al. [120] found that PLL/PAA multilayer films showed an increase in
density upon exposure to mixtures o f ethanol/water with increasing ethanol content, PLL
layers swelling even more than PAA layers. However, Li et al. [82] reported that
multilayer films made o f short designed cysteine-containing polypeptides practically
showed no structural change when immersed in dimethylformamide (DMF) up to 14 days.
Similar to folded globular proteins, the stability o f multilayer films is closely related to
the solubility o f side chains o f polyelectrolytes. Changes in polarity o f medium might
bring disruption o f non-covalent interactions between residues o f polyelectrolytes and
thus have effects on their solubility, destabilizing multilayer films.
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2.2 Polvelectrolvte Microcapsules and Control Release
There are infinite examples o f encapsulation o f materials in nature, whether at
macroscopic or microscopic scales, for example, bird eggs, flower seeds, and even cells.
Generally, the functionalities o f these natural capsules fall into two categories: protection
o f the encapsulated materials from environmental influences, and selective release (or
uptake) o f certain materials out o f (or into) the capsule based on the semi-permeablility o f
capsule walls. Besides the excellent examples provided by nature, there has been great
interest in artificial man-made capsules, especially at micro/nanometer scale. Their
applications range from pharmaceutical, cosmetic and food industries to chemical sensing,
biosensing and bioreactors.
Originally developed for macroscopic planar surfaces [20], polyelectrolyte LBL has
been successfully adapted to microscopic colloidal particles for the preparation of
microcapsules

[121-124].

More

specifically,

nanometer-thick

microcapsules

are

fabricated in this approach by alternate deposition o f oppositely charged polyelectrolytes
onto “functional core particles” for the controlled release of core components, usually by
diffusion-controlled dissolution [18,19].
2.2.1 Encapsulation o f Functional
Molecules
According to the nature o f the core, there are three methods to encapsulate functional
molecules into capsules. (1) The sacrificial core is only template for capsule formation
and the encapsulant is loaded afterwards through the changes in permeability o f capsules

or through the differences in size o f molecules. (2) The encapsulant can be captured by
the assistant core through precipitation, adsorption and entrapment. (3) The core, usually
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colloidal crystal, acts as both encapsulant and template for capsule formation. The
dissolution o f the core frees the encapsulant in capsules.
2.2.1.1 Encapsulation by Sacrificial Core
The most widely used encapsulation method is loading preformed capsules by
switching the capsule permeability through environmental changes, such as pH (Figure
2.9A) [125-132], ionic strength (Figure 2.9B) [131-133], and dielectric constant [124], Or
the loading can happen spontaneously through the differences in size o f molecules and
locking is finished by chemical cross-linking afterwards [134]. However, the loading
efficiency o f this method is limited because the diffusion o f functional molecules obeys
the law o f mass action. And a considerably large number o f functional molecules may be
stuck in capsule wall instead o f capsule interior.
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Figure 2.9 Switching the capsule permeability by different means, (a) pH. (1, 3) Open
states at pH 3.5 and (2, 4) closed states at pH 10 o f polyelectrolyte shells prepared on (1,
2) MF particles and (3, 4) CdC 0 3 crystals. [131] (b) Salt concentration. The black and
dark gray lines represent the polyelectrolytes o f the capsule wall and the bright gray lines
are the probe polymers. [133]

The target materials can also be indirectly loaded into the capsules, named by ship-ina-bottle approach [135,136]. Functional monomers and catalysts can diffuse into the
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formed capsules, and in-situ polymerization can be induced both inside and outside the
capsule. And due to the large size o f synthesized polymers, they are able to be trapped
inside the capsules.
2.2.1.2 Encapsulation by Assistant Core
For this method, the cores assist the entrapment o f functional molecules from bulk
solution to capsule interior in different ways. In the first approach, polyelectrolyte
complexes within porous calcium carbonate core, formed during capsule formation and
freed during core dissolution, could capture macromolecules from bulk solution [137139] Or freed negatively charged alginate hydrogel could entrap positively charged
molecules to capsule interior [140]. In the second approach, macromolecules such as
proteins can be precipitated onto porous calcium carbonate core, followed by capsule
formation and core dissolution [138,139,141]. In the third approach, the functional
molecules are embedded below polyelectrolyte multilayer capsules through surface
controlled precipitation on colloidal particles followed by selective dissolution o f core
and functional molecule containing layers [142,143]. This method is especially suitable
for the encapsulation o f macromolecules.
2.2.1.3 Encapsulation by Active Core
The most straightforward method o f encapsulation is using the core itself as substance
to be encapsulated, as long as the colloidal crystals o f target substance are available with
low dispersity and desired size and shape. Furthermore, there is a relatively high
restriction on the crystal surface charge density and distribution, in order to initiate LBL.
For colloids with a low surface charge density, e.g. hydrophobic and water-insoluble dye
crystals, a precursor layer o f amphiphilic polyelectrolytes, surfactants, phospholipids, or

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

32
block copolymers is necessary to increase surface charge density [144-147]. Another
important concern is the crystal solubility under assembling and dissolution conditions.
For hydrophilic and water-soluble substance, the material saturated polyelectrolyte and
wash solutions are used to avoid dissolution o f the core during capsule formation [18].
Targeted drug delivery and controlled drug release are great concerns in medicine and
the pharmaceutical industry [148-150]. In concept, encapsulation o f drug crystals is the
simplest method to achieve this goal. Recently, encapsulation o f various microcrystals by
LBL has captured substantial interest [18,19]. The release properties o f several
polyelectrolyte- or biomacromolecule-encapsulated crystals have been determined
[144,145,147,151-157],
2.2.2 Polvelectrolvte Microcapsules
One o f the most important prerequisite for potential capsule wall materials is
sufficient charge density. Generally, all polyelectrolytes suitable for multilayer film
formation can be used to fabricate microcapsules. However, the special requirement o f
desired mechanical stability to result in free-standing microcapsules and o f fewer
propensities to aggregate in colloidal systems may impose some limitations on selection.
Until now, the most widely used polyelectrolytes for microcapsule fabrication have
been commercially available synthetic polyelectrolytes, such as PSS, PAH, PDDA, and
other linear ionic organic polyelectrolytes. However, they are lack o f biocompatibility
and biodegradability, which is crucial to their application in biology, pharmaceutics,
medicine, and other biomedical areas [158,159].
In view o f their inherent biocompatibility and biodegradability, there has been
growing

interest

in

different

“natural” polyelectrolytes,

but

relatively
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biomacromolecules
Polysaccharides
chitosan/chitosan

have

used

been

for

sulfate

applied

microcapsules

[160],

to

microcapsule
with

chitosan/dextran

selective
sulfate,

fabrication

by

permeability

LBL.
include

chitosan/carboxymethyl

cellulose [152], chitosan/sodium alginate [152,157], and sodium alginate/protamine
sulfate [161]. However, the kinetics variability o f drug release from these polysaccharide
microcapsules is limited despite different combinations. Functional proteins, such as
enzymes, have been incorporated into microcapsules for potential catalyst, reactor, and
assay, including bovine/human serum albumin [156,162], immunoglobin [162,163], /3glucosidase [164], glucose oxidase [165-167], horseradish peroxidase [166], and urease
[168]. Only chemical properties o f these proteins are emphasized here and special
concerns are needed for the selection o f assembling partner. In particular, a polypeptide
gelatin has been combined with PSS for nanoencapsulation o f furosemide drug crystals
for controlled release [155]. Lipid and DNA have also been used for microcapsule
formation [169,170].
2.2.3 Sustained Release from Polyelectrolyte
Microcapsules
In the field o f drug formulation, one o f the challenges is the elaboration o f carrier
system for targeted delivery and sustained release o f bioactive compounds o f micro or
submicron dimension. Many bioactive compounds are small molecules with unique
solubility and diffusion coefficient in certain solvent. Besides chemical entrapment by
covalent binding, physical entrapment requires encapsulation o f bioactive com pounds in

capsule interiors or walls for delivery systems to realize sustained release. Polyelectrolyte
microcapsules have selective permeability for certain bioactive compounds, which makes
them desirable for drug encapsulation. The permeability will depend on unique properties
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o f three components o f delivery system: bioactive compound, polyelectrolyte multilayer,
and dissolution medium.
2.2.3.1 Diffusion and Determinants
Basically, model encapsulants can be categorized into neutral molecules and charged
ions. And various fluorescent dye labeled molecules, fluorescent dyes and drugs have
been used as probes for release study. It has been proposed that polyelectrolyte
multilayers can be regarded as a type o f non-covalently cross-linked polymer network
[153]. The release o f model encapsulants is virtually their diffusion through this
entangled

polymer

network

composed

o f relatively

homogeneous

phase

and

inhomogeneous phase like water-filled pores.
The first diffusion barrier is influenced by the size and shape o f permeating molecules
because steric effect plays a key role here.

For example, PAH/PSS multilayers aie

permeable for smaller molecular weight water soluble molecules, such as ions and dyes,
but exclude high molecular weight compounds, such as polyions PSS and PAH, neutral
dextran and proteins (Figure 2.10) [124-126,131,133,171,172]. There exists a cutoff o f
molecular weight for polymeric species diffusion across these polyelectrolyte capsules.
As mentioned before, pH, salt concentration, and solvent polarity can be used to open and
close polyelectrolyte capsules.
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Fluorescent pH sensing Label

Figure 2.10 Schematic representation o f the Donnan equilibrium situation developing in
the presence o f bulk polymeric acid not capable o f penetrating the walls o f the hollow
polyelectrolyte capsules. [171]

The second diffusion barrier arises from the interplay between model encapsulants
and polyelectrolytes, reflected by the dependence o f diffusion rate on the total deposited
mass or film thickness. Generally, the more deposited mass and the thicker film thickness,
the slower release, encapsulants being hydrophobic dye pyrene [145], charged dye
fluorescein [151,154], hydrophobic drug ibuprofen [152,153], and charged magnesium
and oxalate ions [173]. Electrostatic and hydrophobic interactions are two important
types o f forces responsible for film stability, the number and strength o f which will
influence the release kinetics. Qiu et al. [153] used ibuprofen as the probe to test the
permeability of various polyelectrolyte microcapsules, finding that two influencing
factors were the charge density o f the polymer forming the capsule wall and the
hydrophobicity o f the molecule diffusing through the capsule wall. The corresponding
study on polyelectrolyte multilayer films suggested that two types o f cavities are
available for permeation, i.e. small and more hydrophobic ones and large and less
hydrophobic ones [174,175]. Highly charged polyelectrolytes tend to form the former
cavities while hydrophobic ibuprofen molecules tend to diffuse through the latter cavities.
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Antipov et al. [154] have also found that pH induced negative charges in polyelectrolyte
capsules will repel negative charges o f the permeating fluorescein molecule, decreasing
the permeation rate.
2.2.3.2 Dissolution Medium
The first mechanism for the influence o f dissolution medium on release kinetics relies
on its ability to provide the driving force, i.e. the concentration gradient across
polyelectrolyte multilayers. Depends on the solubility o f model encapsulants, the
dissolution medium can be organic solvent with different polarity or aqueous solvent with
different pH and salt concentration. Basically, the release rate o f model encapsulants is
proportional to their solubility in dissolution medium [152,153,155]. On the other hand,
solvent polarity, pH and ionic strength can also influence the physical properties o f
polyelectrolyte multilayers. By changing polyelectrolyte complex solubility, solvent
polarity change can induce structural reorganization o f polyelectrolyte capsules. For
example, segregation o f the PAH/PSS polyion network can be caused by adding ethanol
to water, leading to defects and pores in the polyion shells. But removing ethanol from
water can cause relaxation o f the same polyion walls, annealing defects and closing pores.
[124] pH change can change the ionization o f polyelectrolytes through protonation or
deprotonation, inducing the charge repulsion within polyelectrolyte multilayers and
increasing the osmotic pressure [154]. Ionic strength can influence the apparent charge
density o f polyelectrolytes by charge screening, weakening electrostatic interactions and
loosening the film structure [154].
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2.2.3.3 Release Kinetics
Antipov and coworkers have suggested two types o f dissolution o f fluorescein
encapsulated by PSS/(PAH/PSS)„: three-stage model (Figure 2.11a) [151] and two-stage
model

(Figure

2.11b)

[154],

Studying

pyrene

dissolution

and

release

from

PSS/(PAH/PSS)„, Shi et al. [145] have proposed that a large distribution in microparticle
size and shape might induce multiple stages o f release and that the nature o f the
preadsorbed amphiphilic layer would influence release kinetics.
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Figure 2.11 (a) Three stages o f dissolution o f fluorescein core covered with 17-layer
PSS/PAH capsules. [151] (b) A typical curve o f PSS/PAH covered fluorescein core
dissolution consists o f two stages: (1) linear and (2) exponential. [154]
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CHAPTER 3

PEPTIDE SYNTHESIS AND INVESTIGATION
METHODS

3.1 Solid Phase Peptide Synthesis
There are two basic approaches to designed polypeptide production: biotic synthesis
and abiotic synthesis [5], Biotic synthesis is the recombinant production o f peptides in
microorganisms, e.g. Escherichia coli (E. coli). A gene encoding the peptide o f interest is
inserted into a DNA expression vector, which is taken up by the host cell in the process
o f transformation [176]. Then, the corresponding peptide that is encoded in the
recombinant gene is produced by the cellular transcription and translation machinery o f
the host cell. Biotic synthesis is the logical option for large-scale preparation o f short
peptides or production o f long ones. Abiotic synthesis includes solution phase [177,178]
and solid phase [179], which is the preferred approach for most laboratory studies o f film
assembly, stability, and functionality.
3.1.1 General Principle and
Typical Cycle
Solution phase synthesis, though possible, is practically useful for preparation of
homopolypeptides or peptides o f defined composition but indefinite sequence only
[177,178]. Degree o f polymerization in solution phase synthesis will be determined by
operation conditions, such as reaction time and temperature, usually resulting in

38
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considerably large degree o f polydispersity. In this study, commercially available PLL
and PLGA with different average molecular weights were produced by this means.
Solid phase synthesis is a method for creating peptides and/or proteins in a synthetic
manner, which allows the synthesis o f natural peptides which are difficult to express in
microorganisms, the incorporation o f D-amino acids and other unnatural amino acids,
and the peptide/protein backbone modification. It starts with an N-terminal derivatized
amino acid attached to an insoluble resin via a suitable linker molecule [179] and
proceeds from C-terminal to N-terminal, opposite to ribosome protein synthesis. The Ntermini o f amino acid monomers can be protected by Fmoc (Fluorenyl-methoxy-carbonyl)
or Boc (tert-Butyloxy carbonyl) groups, respectively named by Fmoc-chemistry and Bocchemistry. All designed polypeptides in current study were prepared by solid phase
synthesis using Fmoc-chemistry (Figure 3.1) on the Advanced ChemTech Apex 396
peptide synthesizer (Louisiana Tech University, Ruston, USA). Some sequence
heterogeneity was tolerated.
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Figure 3.1 Solid phase peptide synthesis using Fmoc-chemistry. The N-terminal
protecting group o f resin attached amino acid or growing peptide chain is removed in a
deprotection step. The next N-terminal protected amino acid in the peptide chain
becomes activated and then coupled. In particular, the use o f double coupling can give
good overall efficiency. The deprotection/activation/coupling cycle is repeated until the
desired sequence o f amino acids is generated. The N-terminal protecting group o f resin
attached peptide chain is removed in the final deprotection step. Finally, the peptidelinker-resin support is cleaved and all side-chain protecting groups are removed in a
deprotection step, yielding the free target peptide. The abbreviations o f agents used are:
HOBt, hydroxybenzotriazole; PIP, piperidine; DIC, diisopropylcarbodiimide; TFA,
trifluoroacetic acid.

3.1.2 Purification and Characterization
Methods
After synthesis, the designed polypeptides were characterized b y high performance

liquid chromatography (HPLC) (Beckman, USA) and mass spectrometry (MS)
(Louisiana State University, Baton Rouge, USA). HPLC is a column chromatography
used to separate components o f a mixture by using a variety o f physical and chemical
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interactions between the substances being analyzed (analyte) and the chromatography
column. The most widely used types o f HPLC include partition (normal phase and
reversed phase), size exclusion, ion exchange, and bioaffinity chromatography. In this
study, HPLC was used to separate the target designed polypeptide from various side
products o f synthesis, including deletion products, derivatized peptides, and racemization
products. MS is the art o f weighing individual atoms and molecules to determine their
masses or molecular weights. The basic principle is to simultaneously use the electric and
magnetic field to accelerate and deflect charged particles, respectively. The trajectory o f
those ions will depend on their mass to charge ratio. In current study, MS was used to
find the composition o f the peptide synthesis products by generating a mass spectrum
representing the masses o f sample components, determining the average molecular
weight o f the target designed polypeptide and also indicating its degree o f polydispersity.

3.2

Characterization Techniques and Instruments

Various tools are used to characterize polyelectrolyte multilayer films, especially for
the measurement o f different physical properties. Here, the film assembly and
disassembly, internal structure, thickness, and surface morphology o f polypeptide
multilayers have been characterized by five complementary experimental techniques,
namely, quartz crystal microbalance (QCM), UV-vis spectroscopy (UV), circular
dichroism spectroscopy (CD), ellipsometry, and atomic force microscopy (AFM); the
release behavior o f hydrophobic m odel drug pyrene from polypeptide m icrocapsules has

been monitored by fluorescence spectroscopy.
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3.2.1 Quartz Crystal Microbalance
QCM is an extremely sensitive mass sensor with the ability to measure very small
mass changes on a quartz crystal resonator in real-time. The sensitivity o f QCM is in the
nanogram range, which means that QCM is capable o f measuring mass changes as small
as a fraction o f a monolayer or single layer o f atoms. The key component o f QCM is the
piezoelectric AT-cut quartz crystal sandwiched between a pair o f electrodes (Figure 3.2).
When AC voltage is applied to the electrodes, the quartz crystal starts to oscillate at its
resonance frequency due to the piezoelectric effect. Change in resonant frequency o f the
quartz crystal A / was assumed to be proportiaonl to mass deposited Am on the basis o f
the Sauerbrey equation (Equation 3.1) [180]:

(3-1)

A/ =

where, fo is the resonant frequency o f the quartz crystal, A is the active area o f the quartz
crystal (between electrodes), pq is the density o f quartz,

is the shear modulus o f quartz,

vq is the shear wave velocity in quartz.

Quartz crystal

M etallic electrod es

Figure 3.2 Scheme o f QCM resonator.
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Polypeptide multilayer film formation and perturbation were monitored by QCM by
use o f an Agilent 53131A 225 MHz universal counter (USA) and silver-coated resonators
(Sanwa Tsusho Co., Ltd., Japan). Each resonator consisted o f a thin circular quartz plate
0.15 mm thick and 8.3 mm in diameter, both sides sputter-coated with silver to form
electrodes; the nominal natural frequency was 9 MHz. Taking into account characteristics
o f quartz, mass increase Am (g) can be calculated from frequency shift A /(H z) as follows
[181]:
A / = - 1 .8 3 2 x l0 8A/w/zl

(3-2)

where, 1.832 x 108 Hz-cm 2-g_1 is the mass sensitivity constant and A =0.16 ± 0.01 cm 2 is
the resonator surface area. The thickness df(A ) or density p/(g/cm 3) o f adsorbed film can
be estimated as follows:
d f = - A / / ( 2 x 1.832 x l 0 8 x p r )

(3.3)

p f = - A / / ( 2 x 1.832 x l O ' x ^ )

(3.4)

where, the factor o f 2 is used due to the film deposition on both sides o f the electrodes. In
•3

Equation 3.3, the density can be assumed to be 1.2 ± 0.1 g/cm forpolyion films
and 1.3 ± 0.1 g/cm 3 forprotein films [183]; In Equation 3.4, the film

[182]

thickness can be

provided by independent measurement, for example ellipsometry.
3.2.2 UV-Vis Spectroscopy
Basically, spectroscopy is the study o f the interactions between molecule and
electromagnetic radiation. U V belongs to absorption spectroscopy, involving the transfer

o f energy from a photon (light) to a molecule (Figure 3.3). The absorption o f ultraviolet
or visible radiation depends on the transition between different electronic states. In
organic

molecules,

this

absorption

is

restricted

to

certain

functional

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

groups

44

(chromophores) that contain valence electrons o f low excitation energy, namely

7r,

a, and

n electrons. Among possible electronic transitions o f these electrons (Figure 3.4), UV is
mostly based on n-» x* and ir-* ir* transitions which involve light absorption in the
wavelength range o f 200-700 nm. Three main types o f chromophore in proteins/peptides
are shown in Table 3.1.

Excited state
Vibrational levels
bo

p3
Excitation to excited electronic state
(in ultraviolet and visible range)
Ground state
Vibrational levels
Excitation in vibrational state
(in infrared range)
Interatomic distance, r

Figure 3.3 The energy levels o f a chromophore molecule and the principles o f absorption
spectroscopy, for example UV and IR.

i ..
a-* a*

i.
n-» a*
60

l-i

O
a
w

in -ir

jx-> X*

Antibonding orbital a*
Antibonding orbital ir*
Non-bonding orbital n
Bonding orbital ir
Bonding orbital a

Figure 3.4 Possible electronic transitions o f x, a, and n electrons.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

45

Table 3.1 Three main types o f chromophore in proteins/peptides.
Chromophores
Peptide bonds
Amino acid residues
which contain
aromatic ring
Prosthetic groups

Maximum absorption wavelength
transition: strong absorption at 190 nm
transition: weak absorption at 2 1 0 -2 2 0 nm
Phenylalanine: 250 nm
Tyrosine: 274 nm
Tryptophan: 280 nm
Heme group: soret peak

7r-> 7r

n-»

7r

Range
Far UV
Near UV
Visible

In this study, UV is used to determine the concentration o f tyrosine-containing
designed polypeptide based on Beer-Lambert law (Equation 3.5):
A ——log 10 —- = £lc

(3.5)

0

where, A is absorbance; Io is the intensity o f the incident light; // is the intensity o f the
transmitted light; e is the absorption coefficient or the molar absorptivity o f the absorbing
species, L m o r' cm"1; I is the path length, i.e. the distance that the light travels through
the material, cm; c is the concentration o f absorbing species in the material, m o l-L 1. This
law only applies to dilute solution and breaks down at very high concentrations,
especially when the material is highly scattering. And, UV is suitable for measuring the
changes in “optical” mass/thickness o f polypeptide multilayer films during assembly or
disassembly. However, UV absorbance (optical mass/thickness) depends significantly on
optical properties o f the film. For example, the extinction coefficient o f a polypeptide
chain in solution and therefore o f a polypeptide multilayer film will depend on backbone
conformation in the far UV range [184,185]. A polypeptide multilayer film is hardly a
dilute solution, and the granule size detected by other technique, for example atomic
force microscopy (AFM), could be comparable to the wavelength o f light used in UV,
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which will result in light scattering. It would suggest that attention should be paid when
comparing UV absorbance and real mass/thickness o f polypeptide multilayer films.
3.2.3 Circular Dichroism Spectroscopy
CD is based on the differential absorption o f left- and right-handed circularlypolarized light (Figure 3.5a). In order to apply CD, sample molecules must be optically
active. Proteins and polypeptides have asymmetric carbon atoms and therefore are chiral
molecules. In the far UV range (180-260 nm), the CD spectrum is a remarkably sensitive
probe o f polypeptide backbone conformation [186], whether the peptides are in solution
[187-189] or in a multilayer film [56,81,88,190-192] (Table 3.2a). Though the signal is
relatively weak, the CD spectrum in near UV range (260-320 nm) is also able to provide
information o f tertiary structure o f these macromolecules (Table 3.2b). In a word, CD is
the most convenient and sensitive technique to monitor conformational changes in
proteins and peptides [186].
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Figure 3.5 (a) Origin o f the CD effect. (1) The left (L) and right (R) circularly polarized
components o f plane polarized radiation: (I) the two components have the same
amplitude and when combined generate plane polarized radiation; (II) the components
are of different magnitude and the resultant (dashed line) is elliptically polarized. (2) The
relationship between absorption and CD spectra. Band I has a positive CD spectrum with
L absorbed more than R; band II has a negative CD spectrum with R absorbed more than
L; band III is due to an achiral chromophore. (b) Far UV CD spectra associated with
various types o f secondary structure. Solid line, a helix; long dashed line, anti-parallel j8
sheet; dotted line, type I /3 turn; cross dashed line, extended 3i helix or poly (Pro) II helix;
short dashed line, irregular structure. [193]
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Table 3.2 Main features o f CD spectra o f polypeptide/protein: (a) secondary structures
[194-199] and (b) tertiary structures [193],
(a)

._____________________ .____________________ ______________________
Positive band (nm)
Secondary structures
Negative band (nm)
222

a-helix

208

/3-sheet
/3-tum
Poly (Pro) II
Random coil

216
220-230 (weak)
180-190 (strong)
190
200

192
195-200
175
205
210-230 (weak)
-

( b ) ______________________________________________________________________________

_______________________ Tertiary structure fingerprint_______________________
Tryptophan shows a peak close to 290 ran
_______________ with fine structure between 290 ran and 305 nm______________
Tyrosine shows a peak between 275 nm and 282 ran
with a shoulder at longer wavelengths often obscured by bands due to tryptophan
Phenylalanine shows weaker but sharper bands
with fine structure between 255 ran and 270 ran

Deconvolution aims to resolve a CD spectrum into accurate contributions from more
elementary structures, typically a helix, /3 sheet, /3 turn, and random coil [200-202]. The
basic principle o f the procedure is to regard a spectrum as a linear combination o f spectra
corresponding to the various types o f secondary structure. Each type o f secondary
structure has a distinctive spectrum (Figure 3.5b). Several assumptions and a set o f
reference spectra, then, underlie the usual deconvolution process [201,202], In this study,
far-UV CD spectra o f polypeptide solutions or polypeptide multilayer films, dry or wet,
were deconvolved into contributions from secondary structures using the CDPro
software suite (program CONTINLL).
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3.2.4 Ellipsometry
Ellipsometry is a very sensitive and non-destructive optical technique for thin film
metrology. It uses polarized light to probe the dielectric properties o f a sample. In detail,
it measures the change in polarization state o f a beam o f light with known wavelength
when it is reflected off the surface o f a sample and/or transmitted through it, which is
determined by the sample’s properties, such as thickness and complex refractive index
(Figure 3.6). Since ellipsometry can provide information about layer(s) thinner than the
wavelength o f the light itself, down to a single atomic layer or less, it has excellent
accuracy in film thickness measurement for single layer or complex multilayer stacks
ranging from angstrom, nanometer, to micrometer scale. However, the sample must be
composed o f a small number o f discrete, well-defined layers that are optically
homogeneous, isotropic, and non-absorbing.

p-plane

A m p litu d e ch an ge tan(i/-)

Linearly polarized

E llip tically polarized

Figure 3.6 Principles o f ellipsometry.

The two basic types o f polarization are parallel and perpendicular with respect to the
plane o f incidence, respectively designated p and s. The polarization state o f light is
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represented by the intensity-independent ratio o f the p - to the ^-polarized component of
the light. Thus, the fundamental equation o f ellipsometry (Equation 3.6) is written by:

p = — = tan(y/)e,A
rs

(3.6)

where, rp and rs are the complex reflectances, i.e. the ratios o f the amplitudes and phases
o f the reflected and incident light for the p - and the s-polarized component o f the light;
tan(i/0 is the amplitude change upon reflection; and A is the phase shift upon reflection.
The measured angles \j/ and A can be converted to optical constants if an optical layer
model is assumed and an iterative procedure (e.g. least-squares minimization) is used in
fitting.
In this study, ellipsometry (Sentech Instruments GmbH SE 850 instrument, Germany)
is used to measure the thickness o f polypeptide multilayer thin films on silicon wafers
based

on

Cauchy

model

[203].

A

four-layer

optical

layer

model

(Si

substrate/Si0 2 /peptide film/ambient air) is used to determine the mean value o f refractive
index and average film thickness, both o f which are set as variables in fitting. However, it
is assumed that polypeptide multilayer films are homogeneous and isotropic.
3.2.5 Atomic Force Microscopy
AFM is a type o f scanning probe microscopy with a maximum magnification power
o f 5,000,000 times the regular size o f an image. This magnification extends in three
dimensions, the horizontal x-y plane and the vertical z dimension, enabling highresolution surface investigation on molecular scale. Scheme o f AFM is shown in Figure
3.7. The probe is a sharp tip at the end o f a microscale cantilever which bends in response
to the interactions between the tip and the sample when scanning the sample surface. The
deflection is measured using a laser spot reflected from the top o f the cantilever into an
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array o f photodiodes. The sample is mounted on a piezoelectric tube that can move the
sample in the z direction for maintaining a constant force or distance, and the

a;

and y

directions for scanning sample. Basically, there are three imaging modes in AFM: contact
mode, non-contact mode, tapping mode, the characteristics o f which are summarized in
Table 3.3. In current study, the surface morphology o f polypeptide multilayer films on
silicon wafers was characterized by AFM (Quesant Instrument Corp. Q-Scope 250
scanning probe microscope, USA) in tapping mode.

Laser

Photodiode
Tip atoms

Cantilever,

t Force
Sample surface
Sample surface atoms J

Piezoelectric tube scanner
(PZT scanner)

Figure 3.7 Scheme o f AFM.

Table 3.3 Three imaging modes in AFM.
Imaging mode

Tip-sample interaction

Contact mode

Strong repulsive van
der Waals force

Non-contact mode
Tapping mode

Weak attractive van
der Waals force
Strong repulsive van
der Waals force

Operation
The probe and sample remain in
close contact to maintain a constant
force or distance
The probe is oscillated above the
sample surface at a certain distance
The probe is oscillated above the
sample surface to allow short contact

AFM can be used to probe nanomechanical and other fundamental properties o f
sample surface, including adhesive or elastic properties. This is achieved by measuring
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the forces on the probe as it approaches, indents, and then retracts from the sample
surface, generating the force-versus-distance curve (force curve). A variety o f forces can
be measured by AFM, including van der Waals forces, mechanical forces, electrical
forces, magnetic forces, chemical forces, and biological forces. The relationship between
these forces and the deflection o f the cantilever obeys Hooke’s law (Equation 3.7) [204]:
F = kd = k ( z - d )

(3.7)

where, F is the loading force, k is the specified force constant o f certain probe, d is the
cantilever deflection, z is the z-position o f the piezo, and 5 is the indentation distance.
Based on Hertzian mechanics, the elastic deformation o f a planar polyelectrolyte
multilayer film with a spherical tip can be described as follows:

(3.8)

where, E is the Young’s modulus o f polyelectrolyte multilayer film, r is the average
specified tip radius, a is the Poisson ratio o f the polyelectrolyte multilayer film. Thus, the
Young’s modulus o f polyelectrolyte multilayer film can be obtained from the force curve.
3.2.6 Fluorescence Spectroscopy
Fluorescence spectroscopy is a type o f emission spectroscopy which uses higher
energy photons to excite a sample and then collect the emitted lower energy photons from
the sample. The process takes place on a much longer time scale, allowing a much wider
range o f interactions and perturbations to influence the spectrum. Fluorescence
spectroscopy is correlated with both electronic states and vibrational levels (Figure 3.8).
The molecule is first excited by absorbing a photon o f light, from its ground electronic
state to one o f various vibrational levels in the excited electronic state. And vibrational
relaxation is much faster than photon emission so that all observed fluorescence normally
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originates from the lowest vibrational level o f the lowest excited electronic state [185],
The molecule emits a photon when it drops down to one o f the various vibrational levels
o f the ground electronic state again. Generally, excitation spectrum is approximately a
mirror image o f emission spectrum (Figure 3.9). The Stokes shift, defined as the
difference in wavelength between the apex o f the excitation spectrum (shorter
wavelength, higher energy) and the apex o f the emission spectrum (longer wavelength,
lower energy) is fundamental to the sensitivity o f fluorescence spectroscopy. The
fluorescence intensity depends not only on concentration o f fluorescent molecule but also
its quantum efficiency or yield. However, fluorescence spectroscopy has much higher
sensitivity and better selectivity than absorption spectroscopy. In this study, the
fluorescent dye pyrene is chosen as a hydrophobic model drug to study the permeability
o f polypeptide microcapsules so that fluorescence spectroscopy is used to monitor pyrene
release in ethanol/water mixtures.

Excited state
Energy transfer

— Fluorescence
— Excitation

Ground state

Interatomic distance, r

Figure 3.8 The energy levels o f a fluorephore molecule and the principles o f
fluorescence spectroscopy.
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Figure 3.9 The excitation and emission spectra in fluorescence spectroscopy.
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CHAPTER 4

PHYSICAL BASIS OF POLYPEPTIDE
MULTILAYER FILMS

4.1 Introduction
Polypeptide multilayer film research combines polypeptide design and synthesis with
LBL. The approach enables considerable control over physical, chemical, and biological
properties o f multilayer film-based structures at the nanometer scale and promises
biodegradable and biocompatible products that can be made by processes that are both
environmentally benign and scalable. The past few years have seen substantial growth in
research in this area [5,38], Most work on polypeptide films has involved commercially
available PLL or PLGA.
Understanding the nature o f interactions between molecules will be crucial for the
rational design, development, fabrication, and efficient large-scale production o f new
materials with specific functionality and unique features. The basic principle o f LBL,
coulombic attraction and repulsion, depends on charge density alone [21]. Weak noncovalent chemical bonds in films, including ionic bonds, hydrogen bonds, and van der
Waals interactions, will all contribute to film formation and stability [29,30,36,47,49,50],
Less clear is how the various kinds o f non-covalent interaction will influence film
assembly, stability, and other physical properties in any particular polyelectrolyte system.

55
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Here, three cationic 32mer peptides and three anionic 32mer peptides [205] were
adopted as models for systematic study o f the physical basis o f polypeptide multilayer
film assembly, structure, and stability. Film growth mode, internal secondary structure,
surface morphology, and susceptibility to pH shift after preparation have been
characterized by five complementary experimental techniques, namely, QCM, UV, CD,
ellipsometry, and AFM. The nine different combinations o f oppositely charged peptide
exhibit considerable differences in film properties, highlighting the role o f amino acid
composition and sequence in the formation o f supermolecular peptide complexes. The
experimental polypeptide multilayer film data compare favorably with the results o f
complementary molecular dynamics (MD) simulations o f IPECs [206]. This study
provides insight on the relative importance o f different types o f non-covalent interaction
in multilayer film assembly and stability.

4.2 Experimental Design
4.2.1 Peptide Design
Study on physical basis o f assembly and stability o f polypeptide multilayer films has
been realized by rational design o f polypeptides. Three cationic 32mer polypeptides and
three anionic 32mer polypeptides were designed to study the role o f different kinds o f
non-covalent interaction in film formation and stability [205,207]: PI

and N l,

electrostatic interactions; P2 and N2, hydrophobic interactions; P3 and N3, side-chain
hydrogen

bonding.

The

amino

acid

sequences

were

(KJ<KK)7KKKY

(PI),

(EEEE)7EEEY (N l), (KVKV)7KVKY (P2), (EVEV)7EVEY (N2), (KVKS)7KVKY (P3),
and (EVEN)7EVEY (N3), where the standard one-letter abbreviations o f amino acids are
used. For example, the structure o f peptide P2 is shown in Figure 4.1 by two molecular
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models, in which peptide molecule adopts classical /? sheet structure. This configuration
is used as the common starting point for MD simulations o f each peptide complex [205,
206]. In folded proteins, ionized amino acid side chains are generally found on the
surface, where they are important for protein solubility and binding specificity [11], The
hydrophobic “force”, which drives the association o f nonpolar groups in a polar solvent,
is generally considered to be the dominant one in protein folding; the “core” o f a folded
protein is predominantly hydrophobic [208,209]. Backbone hydrogen bonds help to
stabilize secondary structures, a helices and (3 sheets [186]; side-chain hydrogen bonds
stabilize tertiary structure.
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Figure 4.1 Molecular model o f peptide P2 at neutral pH in classical 0 conformation. The
size o f the molecule is approximately 10.5 nm x 1.5 nm x 0.5 nm, where the depth
measure does not include the natural twist o f the molecule. The N terminus is at the left.
The lysine side chains point upward, the valine side chains downward. These sets o f side
chains are on opposite sides o f the plane o f /3-pleated sheet, (a) Stick model. [206] (b)
Ball-and-stick model. [207] Oxygen atoms, shown in red, define where the plane o f the
jS-pleated sheet, which is perpendicular to the plane o f the page, intersects the plane o f the
page. Carbon is shown in green, nitrogen in blue, hydrogen in white.

Figure 4.2 shows the average net charge o f all six designed polypeptides computed as
a function o f pH: the absolute linear charge density |A| differs from one another. At pH
7.4, |X| =1 for PI and N l, and |X| =0.5 for P2, N2, P3, and N3, assuming standard pKa
values for ionizable groups [11], The resulting uniform distribution o f charge at neutral
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pH is important for controlled LBL. As to hydrophobicity, P2 or N2 > P3 or N3 > P 1 or
N l, based on experimental measurements [210]. Asparagine side chains in N3 can act not
only as hydrogen bond acceptors but also as donors, playing different roles in hydrogen
bonding, whereas serine side chains in P3 can act as donors only. Tyrosine was included
for spectroscopic detection and quantification o f concentration by aromatic absorbance at
280 nm. Key structural and physical properties o f the designed peptides and the
constituent amino acids are summarized in Figure 4.3 and Table 4.1. In particular, the
hydrophobic and hydrophilic properties o f amino acid residues and polypeptides are
measured by the fraction o f nonpolar solvent accessible surface area o f amino acid side
chains or hydropathy index based on the water-vapor transfer free energies and the
interior-exterior distribution o f amino acid side chains [ 11 ,2 1 0 ].
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Figure 4.2 Calculated net charge o f the designed peptides versus pH.
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Figure 4.3 Side chain Structure o f constituent amino acid residues o f the designed
peptides.

Table 4.1 Key properties o f designed peptides and constituent amino acids [11,210-214],
The calculation o f norminal molecular weight accounts for ionization o f side chains and
termini.
Amino
acid
residue
Asn
Glu
Lys
Ser
Tyr
Val

Size

(A)
6.40
6.70
6.90
5.70
7.40
6.50

VdW
volume

Total

(A5)

(A2)

96
109
135
73
141
105

113
138
167
80
187
117

Designed
peptide

Norminal
MW (Da)

PI
Nl
P2
N2
P3
N3

4186
4152
3735
3717
3651
3654

Side-chain atoms
Nonpolar Polar
Fraction
(A2)
(A2) nonpolar
44
69
0.39
77
0.44
61
119
48
0.71
44
36
0.55
144
43
0.77
117
1.00

Hydropathy
index
-3.5
-3.5
-3.9
- 0.8
-1.3
4.2

-

Side-chain atoms (average)
Total Nonpolar Polar Fraction
(A2)
(A2) nonpolar
(A2)
168
120
48
0.71
64
140
76
0.46
0.82
144
119
25
90
40
0.69
130
103
33
0.76
136
74
55
0.57
129

Average
hydropathy
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-3.8
-3.4
0.0
0.2

- 1.1
-1.5
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4.2.2 Multilayer Film Assembly and
Characterization
All assembly experiments reported here were done with peptides dissolved in 10 mM
tris (hydroxymethyl) aminomethane (Tris) buffer, 10 mM NaCl, pH 7.4. The peptide
concentration was 2 mg/mL, and the adsorption time was 15 min per step. The buffer for
disassembly experiments was either 10 mM acetate (CHaCOONa) buffer, 10 mM NaCl,
pH 4.0 or 10 mM glycine buffer, 10 mM NaCl, pH 2.5. Substrates were rinsed thrice with
DI water and dried with nitrogen gas after each peptide adsorption or desorption step; this
study concerns dry films. In particular, the buffer for CD study o f peptides in solution
was the same as the assembly buffer but the peptide concentration was 0.1 mg/mL.
A QCM (Agilent 53131A 225 MHz universal counter, USA) instrument was used to
monitor changes in polypeptide multilayer film mass on silver-coated resonators o f 9
MHz nominal frequency (Sanwa Tsusho Co., Ltd, Japan). The resonators were cleaned
by immersion in acetone for 30 min and ultrasonication for 1-2 min, followed by
thorough rinsing with deionized water and drying with N 2 gas.
UV and CD instruments were used to measure changes in optical mass and to
determine secondary structure content, respectively. UV absorption spectra were
collected with a Shimadzu UV-1650 PC UV-vis spectrophotometer (Japan) in the
wavelength range o f 190-300 nm. Far-UV CD spectra (180-260 nm for film or 195-260
for solution) were collected with a Jasco J-810 spectropolarimeter (Japan) with
instrument settings o f 100 m deg sensitivity, 1 nm bandwidth, 1 s response time, 0.1 nm

data pitch, and 100 nmrmin -1 scan rate. A total o f 50-100 scans were accumulated and
averaged in each experiment. The sample quartz microscope slide for film or a quartz
cuvette with 0.1 cm path length for solution was placed in a sample holder and fixed in
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place; the area exposed to the beam was constant (-8 0 mm2). Unmodified substrate (film)
or cuvette with buffer only (solution) was used to collect the baseline spectrum, which
was subtracted from the corresponding sample spectra. Quartz microscope slides for
optical spectroscopy were from Electron Microscopy Sciences (USA). Slides were cut
into pieces and cleaned sequentially by agitation in hot 1% sodium dodecyl sulfate (SDS)
for 30 min, immersion into 1% NaOH in 99.8% CH 3OH/H 2O (50/50, v/v) for 2-3 h, and
agitation in a hot 3:1 (v/v) mixture o f 98% H 2SO 4 and 27% H 2O 2 for 5 min (“piranha”).
Slides were stored in piranha solution, and they were rinsed thoroughly with deionized
H 2O and dried with N 2 gas immediately before peptide film assembly experiments. The
quartz cuvette was cleaned by and filled with nitric acid during storage.
Ellipsometry (Sentech Instruments GmbH SE 850 instrument, Germany) and AFM
(Quesant Instrument Corp. Q-Scope 250 scanning probe microscope, USA) instruments
were used to characterize the thickness and surface morphology, respectively, o f
polypeptide multilayer films built on silicon wafers (N/Phos<100>, resistivity 1-10
ohm cm , thickness 375-425 jam, diameter 100 ± 0.5 mm, bare silicon, Silicone
Technology Corp., USA). Ellipsometry measurements were done on dry films at ambient
temperature and the angle o f incidence was 70°. Both film thickness and refractive index
were set as variables during curve fitting. AFM measurements were done on dry films at
ambient temperature in tapping mode, the scanning rate was 1 Hz, and the resolution was
1000 pixels for all 1 jam x 1 /xm images. The wafers had a very thin layer o f naturally
grown SiC>2 on the Si surface. Wafers were cut into pieces in a clean room, rinsed with
deionized H 20 , dried with N 2 gas, and stored in sealed dust-free vials.
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The magnitude o f the surface charge density following cleaning was not necessarily
the same for silver coated QCM resonators, quartz microscope slides, and silicon dioxide
covered wafers. However, all the cleaned substrates were negatively charged so that the
first film layer was always a polycation. The substrates for film assembly had an area o f
0.16 ± 0.01 cm2, -1 0 x 25 mm2, -1 0 x 25 mm2, respectively.
Far-UV CD spectra were deconvoluted into contributions from secondary structures
with the CONTINLL algorithm [200-202], It was necessary to use different reference sets
to analyze the solution and film spectra; in each case, as much o f each raw CD spectrum
as possible was included in the analysis and the largest reference set available for the
wavelength range o f the CD data was selected due to a larger representation o f structural
and spectral variability o f j3 sheets and turns [201]: IBasis 4 (190-240 nm, 43 proteins) or
IBasis 5 (185-240 nm, 37 proteins) was used for solution and IBasis 1 (178-260 nm, 29
proteins) for film. And studies have suggested that the limitations introduced in the
analysis by the lack o f short-wavelength data (180-190 nm) can be partially overcome by
the use o f a larger reference set [201]. It is important to mention that failing to ensure that
the wavelength range o f a spectrum matches the range o f the reference set can lead to
significant artifacts in the deconvoluted secondary structure content. The secondary
structure fractions o f IBasis 1 and 4 are the same (a helix, /3 sheet, /3 turn, and random
coil), both different from those o f IBasis 5 (a helix, /3 sheet, /3 turn, poly (Pro) II, and
random coil).
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4.3 Results
4.3.1 A Summary o f Physical Properties
of Polypeptide Multilayer Films
A summary o f observable and computable quantities of all polypeptide multilayer
films studied here are shown in Table 4.2. There is a remarkable variety in different
physical properties o f these films given the relatively small differences in amino acid
composition and sequence o f polypeptides.

Table 4.2 Observable and computable quantities o f polypeptide multilayer films after
rounding. Frequency shift after 16 layers, measured by QCM, is proportional to actual
mass deposited; UV absorbance after 15 layers is a measure o f optical mass/thickness;
actual thickness after 2 0 layers was determined by ellipsometry; granule size after 2 0
layers was determined by AFM. Density was calculated based on exact QCM and
ellipsometry data. Growth mode (E, exponential; L, linear; S, supralinear) was based on
QCM.
Film
structure
P l/N l
P1/N2
P1/N3
P2/N1
P2/N2
P2/N3
P3/N1
P3/N2
P3/N3

Frequency
shift (Hz)
800
4700
1500
6600
1500
4300
1400
1000

500

Absorbance
0 .0 2

1.40
0.09
2.77
0.53
0.60
0.13
0.40
0.15

Thickness
(nm)
4.4
43.9
3.5
72.8
49.9
46.3
14.6
31.3
11.5

Granule
size (nm)
46
204
104
86

95
150
75
160
140

Density
(g/cm3)
5.2
2.9
11.4
2.5
0.8

2.5
2.7
0.9
1.1

Growth
mode
L
S
L
E
L
S
L
L
L

4.3.2 Film Assembly and Non-Covalent
Interactions
Both P l/N l and P2/N2 grow linearly. Much less material is deposited in P l/N l than
in P2/N2, however, for a given number o f layers (Figures 4.4 and 4.5a). PI and N l differ
from P2 and N2 with regard to |A| and hydrophobicity. Strong electrostatic interlayer
attraction and intralayer repulsion respectively promote and limit adsorption in P l/N l.
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The result is a thin and dense film (see below). In P2/N2, by contrast, hydrophobic valine
side chains have a comparatively large effect on peptide interactions, leading to a thicker
and less dense film (see below). The likelihood o f self-limited polymer deposition is
higher in P l/N l than in P2/N2 at any value o f thermal energy. Formation o f coil and loop
structures is more probable in P2/N2 than in P l/N l due to greater intrachain “stickiness”
and lesser intrachain repulsion [95,96,117,215], Increasing the salt concentration of
peptide film assembly solutions increases charge screening and decreases persistence
length, resulting in more extensive mass deposition (Figure 4.6). Like P l/N l and P2/N2,
growth o f P3/N3 is linear. Much less P3/N3 than P2/N2 or P l/N l, however, is deposited
after 16 layers (Figures 4.4a and 4.5). Assembly o f P3 or o f N3 with any other peptide
will involve a complex interplay o f electrostatic interactions, hydrophobic interactions,
and hydrogen bonding; all three types o f side chain are present. The enhancement o f
peptide adsorption in P3/N3 on increase in salt concentration is not as strong as in P l/N l
or in P2/N2 (Figure 4.6). This may reflect a weakening o f side chain hydrogen bonds by
charge screening; hydrogen bonds are essentially electrostatic in character.
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Figure 4.4 Summary o f film assembly data for the various combinations o f polypeptide,
(a) Actual mass deposition as determined by QCM (16 layers), (b) Optical mass
deposition as determined by UV (15 layers). In general, optical measurements correlate
QCM data.
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Figure 4.5 Assembly behavior o f (a) different combinations o f P I, N l, P2, and N2, (b)
different combinations o f P2, N2, P3, and N3, and (c) different combinations o f P I, N l,
P3, and N3, as monitored by QCM. Growth mode is approximately linear for P l/N l,
P2/N2, P3/N2, P3/N3, P1/N3, and P3/N1; it is supralinear for P1/N2 and P2/N3; and it is
exponential for P2/N1. Inset o f panel (a), logarithm o f frequency shift and uncertainty for
P2/N1. The linear least square fit to all available data points (broken line) has a
correlation coefficient r > 0.99. For 16 observations, the probability o f exceeding this
value o f r in a random sample o f observations taken from an uncorrelated parent
population p < 0.05%. The error bars in frequency shift for P2/N1, P2/N2 and P2/N3
represent the standard deviation o f measurements made in four independent nanofilm
assembly experiments.
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Figure 4.6 The influence o f salt concentration (NaCl) on film assembly o f P l/N l, P2/N2,
and P3/N3. Growth mode in all these cases is approximately linear after the first few
layers; the substrate will have a relatively minor direct influence on film assembly in the
16th-20th layers.

P1/N2 and P2/N1 display supralinear growth, in surprising contrast to P l/N l and
P2/N2. Supralinear growth might be caused by a “mismatch” in |A| between the
assembling peptides; P2 and N l, for example, do not have the same absolute charge
density. The requirement o f charge neutrality in a film might entail greater mass
deposition o f lesser charged peptides (Figure 4.5a). Supralinear growth could also be
related to the tendency o f P2 to form (3 sheet-containing fibrils in aqueous solution
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[216,217], either before or after adsorption on the solid support; P2 and N2 are less
soluble than PI and N l. The supralinearity o f film growth is more obvious for P2/N1
than for P1/N2 (Figure 4.5a). At first, the extent o f mass deposition o f P1/N2 exceeds that
of P2/N1; relative film mass is reversed after 12 layers. The difference in mass deposition
between positively and negatively charged peptides in successive adsorption steps is
more obvious for P2/N1 than for P1/N2. Dislike P1/N2 and P2/N1, both P1/N3 and
P3/N1 grow linearly despite the “mismatch” in |A|. But more mass is deposited than in
P l/N l or in P3/N3 (Figures 4.4a and 4.5c).Growth is supralinear in P2/N3 but linear in
P3/N2. These two cases are different from previous ones: There is no “mismatch” in
charge density in P2/N3 or P3/N2, so differences in film assembly must arise from
differences in non-ionizable residues or the effect o f these residues on ionizable ones.
4.3.3 Structural Models o f Peptides
in Solution and in Film
Simple structural models have been created, either idealized or realistic. They help to
rationalize the observed differences in assembly behavior by providing a microscopic
view o f the physical basis o f polypeptide multilayer films.
4.3.3.1 Idealized Structural Models
Idealized structural models o f multilayer films are proposed on the basis o f individual
peptide properties (Figure 4.7). Successive amino acid side chains in a /3 strand point
above and below the plane o f the /3 sheet. The plausibility o f these models depends on
experimental data. PLL is known to form stable /? sheet stmcture at alkaline pH, usually

after heating [184,218,219]. P2 forms

sheet-containing fibrils in aqueous solution,

minimizing the contact o f valine side chains with solvent and maximizing the solvation
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o f ionized lysine side chains [216,217], The formation o f 13 sheet by these peptides in
multilayer films is known from CD data presented here.

-f

4-

+

+

+

+

/ y

y

y

+

+

+

\

-f

+

+

+

+

+

+

P I: Repulsive electrostatic
interactions destabilize bilayer

P2: Attractive hydrophobic
interactions stabilize bilayer

P3: Hydrophobic interactions
stabilize bilayer, hydrogen
bonding may or may not stabilize

Figure 4.7 Idealized structural models o f possible bilayer formation by P I, P2, and P3.

Individual molecules o f P I and o f N l have the maximum possible value o f \k\ at
neutral pH: All side chains are charged. These polymers are highly soluble. It is probable
therefore that one layer only o f P I or N l will be deposited during a polymer adsorption
step; interchain charge repulsion will be high between molecules within a film layer
[20,207,220,221]. Each layer will be comparatively thin because the contour length o f the
polymers is short and the ionic strength o f the solutions is low [20]. In the copolypeptides
P2 and N2, hydrophobic residues alternate with charged ones at neutral pH. The nonpolar
valine side chains will strongly influence peptide structure and solubility. Thus, they will
more likely adsorb as a bilayer; stacking o f layers will be stabilized by hydrophobic
interactions between valine residues as shown [216,217]. The models are consistent with
the experimentally determined order o f mass deposition, namely, P l/N l < P1/N2 <
P2/N1, and with the observed greater mass deposition o f lesser charged peptide in P1/N2
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and P2/N1 (Figure 4.5a). The relatively small mass deposition o f P2/N2 correlates with
less ordered internal structure o f this film o f more hydrophobic and therefore less soluble
P2 and N2. In addition, relatively weak hydrophobic interactions, IPEC “twistedness”
[206], and similarity o f adsorption energy between P2 and N2 increase the odds of
molecular desorption or replacement in the outermost layer during deposition o f the next
film layer, possibly due to soluble complex formation. The effect in any o f these cases
will be reduced overall mass deposition.
P3 (or N3), like P2 (or N2), has alternating ionized and non-ionized residues at
neutral pH. The formation o f a bilayer o f P3 (or N3) during an adsorption step seems
possible in principle, the like-charged peptides being stabilized by a combination o f
hydrophobic and hydrophilic interactions. The ability o f molecules to “stack up” and the
degree o f match o f physical properties between layers, however, will differ for P3 and N3.
The non-ionized “side” o f the P3 molecule alternates between valine and serine. During
bilayer formation, valine residues will tend to form hydrophobic interactions, but
hydrophilic serine residues could interrupt the surrounding hydrophobic environment and
lead to less favorable packing by the need to satisfy hydrogen bonding potential. The
result will be distorted alignment o f two successive layers, reducing film thermostability
and increasing the tendency to disintegrate under extreme conditions. In the case o f N3,
hydrophilic asparagine residues will form hydrogen bonds with other asparagine residue
side chains, with serine residue side chains, and with polypeptide backbone groups; the
asparagine side chain can act as hydrogen bond acceptor or donor. An N3 bilayer,
therefore, if it can form at all, will probably be more stable than a P3 bilayer. This
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analysis helps to rationalize the difference in assembly behavior between P2/N3 and
P3/N2.
There are other plausible models o f these peptides in solution and in multilayer films.
For example, ordered arrays o f P2 could be formed in two basic ways in a film, namely,
“standing” and “reclining” (Figure 4.8a). In each case, matching o f hydrophobic
interactions between valine residues and either non-offset or offset stacking o f lysine side
chains will be possible. In the standing model, peptide chains form /3 sheet structure
within a plane in non-offset stacking. The case is different in offset stacking, where
interchain charge repulsion between side chains is minimized at the cost o f hydrogen
bond formation. In the reclining model, the /3 sheet is perpendicular to the plane o f the
charged substrate. There is no obvious preference for either model in the absence o f
substrate interactions, suggesting that both types may be present in films. The actual
mode o f polymer adsorption could influence film thickness and density.
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Figure 4.8 Structural models o f (a) P2 in a film and (b) P l/N l. All peptides are assumed
to adopt /3 structure, based on experimental evidence. Both “standing” and “reclining”

models are possible. “Offset” charged side chains could minimize charge repulsion.

During assembly o f P l/N l, one “side” o f the charged molecule can form strong
electrostatic attractions with the substrate or the film surface, and the other can play a role
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in reversing the sign o f the film surface charge. The reclining model might be favored
under certain circumstances, for example, variations in surface charge density o f the
substrate or the film surface; both polar and nonpolar surface area o f side chains as well
as the peptide backbone o f PI or o f N l will make contact with the film surface in this
case. Both structural models for P l/N l are depicted in Figure 4.8b.
4.3.3.2 Prediction by Idealized
Structural Models
Further examination o f the data in Figure 4.5a suggests that they corroborate the
hypothesis that multiple molecular layers are deposited per adsorption step. Let the
frequency shift o f polycation deposition for a given bilayer be A/+, and let that o f the
polyanion be A/1. The frequency shift ratio R for a given bilayer can be defined as A/+/A/1.
When overall film growth is linear, R will depend on the relative amount o f material
deposited in successive adsorption steps. For example, if 3 times as much polycation is
deposited as polyanion in a given adsorption cycle, then R = 3. R could be a function o f
extent o f film growth, providing clues as to a possible change in mechanism for
polyelectrolyte deposition near to and far from the influence o f the substrate. R can be
computed in cases o f nonlinear film growth as an indicator of “microscopic” film growth
behavior. As shown in Figure 4.9a, R tends to 1 for P l/N l as the number o f adsorption
steps increases, hovers around 1 for P2/N2 and around 2 for P2/N1, and tends to 1/2 for
P1/N2. The data suggest, for example, that twice as much P2 than N l is deposited per
adsorption step in P2/N1. Comparison o f the m olecular structures o f the peptides
suggests that differences in |A,| or in hydrophobic surface area underlie this behavior. In
P2/N2, where both peptides have |/t| =0.5, both are hydrophobic, and both have the same
distribution o f charge, the mass increment will be independent o f the number o f layers
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deposited per adsorption step, if film surface roughness and charge density are
approximately constant. Assuming two layers per adsorption step in P2/N2 and one in
P l/N l, R will be 1.78 for adsorption o f P2 in P2/N2 relative to adsorption o f PI in P l/N l,
and 1.79 for N2 relative to N l, based on calculated peptide mass (Table 4.1). Figure 4.9b
shows the computed values o f R for the data in Figure 4.5a. The experimental data clearly
tend to the predicted value.
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Figure 4.9 Frequency shift ratio R as a function o f film buildup, (a) Frequency shift ratio
for different combinations o f peptides is plotted as a function o f number o f layers. As the
number o f layers deposited increases, P l/N l tends to R = 1, P2/N2 hovers around 1,
P2/N1 tends to 2 and P1/N2 hovers around 0.5. Scatter in the P l/N l data are from the
relatively large error in the QCM frequency shift measurements. P l/N l layers are thin;
little material is deposited per adsorption step. The broken line highlights the tendency o f
the P l/N l data, (b) Ratio o f frequency shift R o f P2/N2 to that o f P l/N l as a function o f
layer number (adsorption step). The calculation validates model 2 for P2/N2 in Figure
4.10, which predicts a frequency shift ratio o f 1.78 for P2 and PI and a ratio o f 1.79 for
N2 a n d N l.

Simple, first-approximation models o f microscopic growth for four peptide nanofilms
are shown in Figure 4.10. The models are based in part on CD data, which show that a
substantial proportion o f peptide bonds in a polypeptide multilayer nanofilm are in /3
sheet conformation (Figure 4.14), but they take no account at all o f surface roughness,
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polymer backbone flexibility, heterogeneity o f molecule conformation due to thermal
fluctuations, or film viscoelasticity; just |A,| and hydrophobicity. Nevertheless, the
measured values o f R are remarkably consistent with model predictions, as shown in
Figure 4.9. Deviation o f the measured values from predictions could be due to changes in
surface roughness during film growth. In any case, the QCM data, which show a
relatively constant frequency shift from adsorption step to adsorption step, are more
supportive o f model 2 than model 1 for P2/N2. This stands to reason, as formation o f a
single layer o f P2 or N2 on a charged substrate is improbable during deposition from an
aqueous environment, given the hydrophobic nature o f the valine side chain. It is worth
taking an early look at the results o f thickness measurement here. The thickness
increment is more than 10-fold larger for P2/N2 than P l/N l (Figure 4.17b), not 2-fold
larger, despite the frequency shift being just twice as great for P2/N2 as for P l/N l. The
apparent discrepancy between QCM and ellipsometry could be due to the formation o f
aggregates o f P2 or o f N2 in solution (Figure 4.13a) or to the thickness-related
differences in optical properties o f the nanofilms. In any case, P2/N2 is substantially less
dense than P l/N l (Figure 4.17c). However, aggregation o f P2 or N2 in solution (Figure
4.13a) does not invalidate the models shown in Figure 4.10, because, idealized as they are,
the simple models accurately predict the quantal nature o f self-assembly o f peptide layers
evident in Figure 4.9. To some degree, then, the models must provide insight on the
nature o f the polypeptide film formation process.
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Figure 4.10 Idealized structural models o f peptide nano films. Amino acid side chains are
uniformly oriented in the plane o f the page, and backbones are in j8 sheet geometry. Each
positive side-chain charge forms an ion pair with a negative side-chain charge.
Hydrophobic side chains, indicated by triangles, interact not with charged side chains but
with each other, as required by physics. There is but one adsorption mode for P l/N l,
P1/N2, and P2/N1. Model 1 o f P2/N2, however, is substantially less plausible than model
2, as it would require exposure o f a hydrophobic surface to a hydrophilic environment in
each P2 deposition step. More important, the experimental data reported in Figure 4.5a
are more consistent with model 2 than model 1. The ratio o f positive layers to negative
layers in each case is 1:1, 1:2, 2:1, and 1:1, respectively. Multilayer formation with P2
and N2 resembles film formation from phospholipids [222].
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4.3.3.3 More Realistic Structural Models
More realistic structural models for P l/N l, P2/N2 and P2/N1 are shown in Figure
4.11. Highly charged P I and N l can readily form favorable charge pairs between layers.
These polymers are likely to adopt a relatively extended conformation because o f
intramolecular charge repulsion. The lesser charged copolymers P2 and N2, by contrast,
are more likely to show intrachain clustering due to the large number o f hydrophobic
valine side chains. Formation o f “collapsed” structure will hinder formation o f favorable
charge pairs between layers. This situation resembles the folding o f a protein in that the
core is stabilized by hydrophobic interactions and ionized groups are generally located on
the surface. P2 and N2 could also be deposited in a single layer per adsorption step,
leading to less /3 sheet formation, more charge repulsion within each plane, and a less
highly networked film. In the case o f P2/N1 (or P1/N2), there is less conformation-based
hindering o f formation o f ordered structure, if any at all, because the overall charge
density in the film is high in comparison to P2/N2. Layer stacking is more probable at
each adsorption step involving P2 or N2 than PI or N l.

777777777777777”

777777777777777

P l/ N l

P2/N 2

777777777777777
P2/N1

Figure 4.11 More realistic structural models o f P l/N l, P2/N2 and P2/N1.
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4.3.4 Film Stability and Non-Covalent
Interactions
We have assessed polypeptide multilayer film stability by disassembly experiments at
acidic pH [115,116,223]. Results obtained with P2, N2, P3 and N3, for example, are
shown in Figure 4.12. During disassembly at pH 4.0, P2/N2 and P2/N3 exhibit little mass
loss after 3.0 h, less than 5% (Figure 4.12b). P3/N2 and P3/N3, by contrast, show steady
and substantial mass loss in the same time interval, 18% and 43%, respectively, the
former retaining more mass than the latter (Figure 4.12b). Such disassembly behavior
directly reflects the importance o f non-covalent interactions to film stability, because
acidic conditions will induce the rupture o f ionic bonds between oppositely charged
peptides, even if the average pKa o f glutamic acid will depend somewhat on polymer
structure, film architecture and assembly conditions [103,224], Evidently, at pH 4.0
electrostatic interactions dominate the stability o f the polypeptide films studied here, as at
neutral pH, although the behavior o f P2/N2 and P2/N3 suggests that hydrophobic
interactions and hydrogen bonding will stabilize polyelectrolyte films under some
conditions [29,30,36,47,49,50,225]. There is more hydrophobic surface and less
hydrogen bonding potential per peptide molecule in P3/N2 than in P3/N3. The data
suggest that, close to neutral pH, the requirement to satisfy hydrogen bonding potential
will destabilize a polypeptide film relative to hydrophobic interactions (Figure 4.12). A
clearer conclusion is that the data support the view that film properties o f a given
polypeptide are dependent on peptide structure and interaction.
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Figure 4.12 (a) Disassembly behavior o f P2/N2 (black square), P2/N3 (red circle), P3/N2
(green triangle), and P3/N3 (blue star) and (b) percentage o f film loss after 3.0 h, in
response to pH jum p from 7.4 to 4.0 (filled symbols) and to 2.5 (open symbols), as
determined by UV. Film disassembly can be modeled as first-order exponential decay.
The fitted time constants o f P2/N2, P2/N3, P3/N2, and P3/N3 are, respectively, 51.7 min,
71.0 min, 30.0 min, and 36.0 min at pH 4.0 and 4.1 min, 0.3 min, 3.8 min, and 13.7 min
at pH 2.5. P3/N3 is more susceptible to pH shift to 4.0 than is P2/N2, but they are equally
susceptible to pH shift to 2.5.

Film disassembly behavior is not the same at pH 2.5 as at pH 4.0. In the more acidic
environment, P3/N3 is the most stable film, P2/N3 is the least stable, and P2/N2 and
P3/N2 lie in between (Figure 4.12). A relatively large percentage o f glutamic acid side
chains will be protonated at pH 2.5, significantly weakening electrostatic attraction
between positive and negative peptides and increasing repulsion between polycations.
The effect o f charge neutralization on P3/N3 will not be as great as for the other films,
because hydrophobic groups will help to hold molecules together and side chains will
help to form more extensive hydrogen bonding networks. Taken together, the film
disassembly data are consistent with a model in which coulombic interactions dominate
film stability but hydrophobic interactions and hydrogen bonds are present and
significant. Although this conclusion is in accord with the predominant view o f
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polyelectrolyte multilayer film assembly [20]; it seems contrary to the hypothesis that the
hydrophobic effect is the dominant force in protein folding and stability [208,209],
4.3.5 Internal Structure
4.3.5.1 Secondary Structure o f Peptides
in Solution
Figure 4.13a shows typical CD spectra o f all six designed peptides in aqueous
solution at neutral pH. The CD spectrum o f P2 exhibits a positive band at about 195 nm
and a negative one at about 216 nm, indicating /3 sheet structure. By contrast, the CD
spectra o f the other five peptides only exhibit a strong negative band at about 195 nm,
suggesting random coil structure. In addition, the CD spectra o f P I, N l, and P3 also show
a weak positive band at about 216 nm, indicating the presence o f poly (Pro) II structure.
According to CD deconvolution (Figure 4.13b), all six peptides have a large amount o f
random coil in solution, consistent with our previous work [56,81]. It is rationalized by
the short chain length o f these designed 32mer peptides and relatively low salt
concentration o f the buffer solution used. Under these circumstances, the unstructured
conformations are favored by peptides over the ordered secondary structures. Glutamic
acid and lysine residues have relatively high propensity to form a helix [26], so N l and
PI have more helical content than the others. Both P2 and N2 have alternating nature,
which could induce (3 sheet formation [216], However, valine residues (strong sheet
former) are alternated with lysine residues (weak sheet breaker) in P2 but with glutamic
acid residues (strong sheet breaker) in N2 [26], Thus, there is more /3 sheet and less

random coil in P2 than in N2. Both P2 and P3 have a large amount o f /3 sheet compared
with the others. And, they resemble each other in secondary structure composition despite
different CD spectra (Figures 4.13a and 4.13b). Using different secondary structure
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fractions for CD deconvolution reveals that there is more poly (Pro) II content in P3 than
in P2 (Figure 4.13c), consistent with the characteristics o f CD spectra [198],
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Figure 4.13 Secondary structure content o f the designed peptides in aqueous solution, (a)
CD spectra; (b) Deconvolution o f all peptide spectra with IBasis 4 [201,202]; (c)
Deconvolution o f P2 and P3 with IBasis 5 [198,226,227],

4.3.5.2. Secondary Structure of
Peptides in Film

4.3.5.2.1 Film assembly
UV and CD spectra o f P2/N2, P1/N2, and P2/N1 at different stages o f film fabrication
are shown in Figure 4.14. A substantial increase in signal intensity results from
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deposition o f each polypeptide layer, indicating successive increases in film thickness
and mass. Film growth o f P2/N2 is an approximately linear function o f the number o f
adsorption steps in the range shown (Figure 4.15). Structural changes occurring during
the film assembly process are “cooperative”, judging by the coincidence o f signal
intensity at specific wavelengths (-190 nm, -205 nm) (inset, Figure 4.14a, Figure 4.16a).
It would suggest that peptides adsorb but do not display net structural change after
adsorption, or any net structural change they do make occurs shortly after adsorption.
Thus, the only change is in signal intensity but not in the shape o f the spectrum. By
contrast, for P1/N2 film growth is supralinear and for P2/N1 film growth is
approximately “exponential” (Figures 4.15); and for P3/N2 film assembly is “noncooperative” (Figures 4.16c). The data indicate that the assembly behavior o f a given
polypeptide, e.g. P2 or N2, varies with the structure o f the oppositely charged assembly
partner. Positive (198 nm) and negative (216 nm) Cotton effect amplitudes for the films
are generally consistent with the corresponding IJV amplitudes and QCM mass
increments (Figure 4.15 and Table 4.2).
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Figure 4.14 Assembly behavior o f different combinations o f P I, N l, P2, and N2 as
monitored by UV and CD. Optical measurements correlate QCM data (Figure 4.5a). (a)
P2/N2; (b) P1/N2; (c) P2/N1; (d) an example o f goodness o f fit in deconvolution o f CD
spectra, 15-layer P2/N2, with the residues given in inset.
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Assembly behavior in each case is well-corroborated by QCM measurements (Figure
4.5a). Inset, peak position in nm.

Closer analysis o f 15-layer CD spectra reveals further differences between films
made o f the same polypeptides. For example, in P2/N2 the amplitude o f the negative
absorption band is about 270% larger than the positive one, in P1/N2 the positive band is
130% larger than the negative one, and in P2/N1 the two bands have about the same
magnitude (Figures 4.14 and 4.15). The signal-to-noise ratio o f P l/N l spectra is very
poor, especially for peptides o f the degree o f polymerization studied here [228]. Positive
and negative absorption peak shifts resemble peak amplitude changes for all
combinations o f peptide: The positive band shifts to the blue on film growth, whereas the
negative band shifts to the red (inset, Figure 4.15). In P2/N2 the positive absorption band
shifts initially to the red and then to the blue by as much as 0.5 nm; the negative band
shifts 0.9 nm to the red. The negative band o f P1/N2 shifts 1.5 nm to the red, with further
change probable on increasing the number o f layers. The oscillatory behavior o f the
positive band o f P2/N1 with successive peptide adsorption steps, as large as 2.3 nm peak-
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to-peak, suggests a relationship between structure and film surface charge. Such spectral
differences are clues to differences in film structure.
The general resemblance o f the dried film spectra studied here (Figure 4.14, inset) to
spectra o f model 0 sheets in aqueous solution [188,229] is reflected in deconvoluted
secondary structure content (Table 4.3). Little if any a. helix is present in the 15-layer
films at neutral pH, even less than that in any o f the uncomplexed peptides in solution.
The low percentage o f helical structure can be attributed to short chain length [230],
strong intrachain charge repulsion, low helix propensity o f all the peptide designs studied
here [26], the lower stability per residue o f a helix than (3 sheet, and possibly, to film
drying. It should be noted, however, that dry polypeptide films can display helical
structure, even as prevalent secondary structure content, under some circumstances [81].
Apparent helical structure in P1/N3, P3/N1 and P3/N3 could be due to the relatively high
average a helix propensity o f PI and N l [26] or to the si de-chain hydrogen bonding
potential o f P3 and N3 (Figure 4.3). Deconvolution suggests that a large proportion of
random coil (-7/10) and a small proportion o f (3 sheet (-1/5) are present in P2/N2. Both
P2/N3 and P3/N2 also have a large percentage o f random coil (>1/2). P1/N2 and P2/N1
have a large percentage o f (3 sheet (> 1/2); the molecules P2 and N2 have a high average
propensity to form (3 sheet [26]. The high (3 turn content in the other films suggests
protein-like 8 sheets. Multilayer films o f conventional polyelectrolytes, e.g. PAH and
PSS, do not exhibit a CD signature.
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Table 4.3 Results o f deconvolution o f CD spectra o f all polypeptide multilayer films
after deposition o f 15 layers.
Film
structure
P l/N l
P1/N2
P1/N3
P2/N1
P2/N2
P2/N3
P3/N1
P3/N2
P3/N3

a helix
-

0
0.07
0
0
0
0.09
0
0.07

Secondary structure content
turn
Random coil
i8 sheet
—

0.72
0.41
0.92
0.18
0.24
0.35
0.26
0.37

-

0.04
0.21
0.05
0.12
0.19
0.24
0.23
0.22

-

0.24
0.31
0.03
0.70
0.57
0.32
0.51
0.34

4.3.5.2.2 Film stability
The shape o f the CD spectrum and therefore the underlying secondary structure
content o f multilayer films o f P2/N2, P2/N3, P3/N2, and P3/N3 changes during assembly
and disassembly in response to pH shift (Figure 4.16). Microscopic structure
reorganization o f polymers is expected, as they adjust to the surrounding electronic
environment and energy is minimized [38]. The intersection o f the CD spectra o f P2/N2
and o f P2/N3 suggests distinctive behavior, a type o f “two-state” process in film
assembly and disassembly. On the contrary, film growth and disintegration o f P3/N2 and
o f P3/N3 appears “non-cooperative”, because the CD spectra do not intersect, even
though the assembling peptides are the same as in P2/N2 and P2/N3. The data show, then,
that peptide behavior, whether assembly or disassembly, is determined by peptide
structure and combination. Related examples o f “conformational switching” between
different secondary structures are known from protein folding and amyloid formation
research in the 1990s [231-240] and more recent work.
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Figure 4.16 CD spectra and film secondary structure content o f various combinations o f
P2, N2, P3, and N3 during assembly at pH 7.4 and disassembly at pH 2.5. The
assembly/disassembly behavior o f P2/N2 is obviously more “cooperative” than that o f
P3/N3.

For 10-layer or 20-layer P2/N2, P2/N3, P3/N2, and P3/N3, neither has much a helix
content according to deconvolution o f CD spectra (Figure 4.16). This is consistent with
the result o f the corresponding 15-layer films. There is a difference in the final secondary
structure content o f P2/N2 and P2/N3. 20-layer P2/N2 has 46% /3 sheet and 31% random
coil, whereas P2/N3 has 66% j3 sheet and 21% random coil (Figures 4.16a and 4.16b).
After deposition o f 15 layers, however, the respective content in P2/N2 is 19% and 70%,
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and 24% and 57% in P2/N3 (Table 4.3). Deconvolution thus would suggest a marked
change in secondary structure composition in P2/N2 and P2/N3 during assembly o f the
last five layers (the 16th-20th layers): from random coil dominant to /3 sheet prevalent; the
behavior o f this region o f film will be relatively independent o f the electronic character of
the substrate. The result is these 20-layer films with internal structure similar to 15-layer
P1/N2 and P2/N1 (Table 4.3). In particular, linearly grown P2/N2 shows the same trend
in /3 sheet and random coil content as supralinearly grown P2/N3 but relatively greater
overall mass deposition. As mentioned before, the ability to form /3 sheet, relatively high
hydrophobicity and therefore low solubility, as well as the possibility o f aggregation and
fibril formation might affect growth o f P2/N2.
4.3.6 Surface Morphology. Thickness,
and Density
The nine 20-layer polypeptide films studied here exhibit considerable variety in
surface morphology, according to AFM (Figures 4.17a and 4.18). Peptide combinations
involving either P2 or N2 have a rough surface, while those involving P I or N l and P3 or
N3 have a smooth surface. “Granule size”, defined as the diameter o f a representative
“grainlike” structure on the film surface and adopted here as a measure o f surface
roughness, varies as P l/N l < P2/N2 < P3/N3 by up to ~300% (Table 4.2). The many
electrostatic interactions per unit mass in P l/N l make the film dense and smooth [20],
whereas hydrophobic interactions in P2/N2 lead to a more diffuse and rough film. P3/N3
has a large granule size (142 nm ), but the film is relatively sm ooth b y profilometric

analysis. Hydrogen bond donors and acceptors in side chains make hydrogen bond
networks important in P3/N3, in addition to charge interactions and hydrophobic
interactions. The need to satisfy hydrogen bond donors and acceptors in P3/N3 could
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induce some structural irregularity in individual peptides and throughout the film, but it
will not necessarily result in formation o f large coil and loop structures. Dehydration o f
hydrophobic groups during film drying in films with P2 or with N2 could result in the
“collapse” o f peptide and film structure, as in desolvation o f the polypeptide chain in
protein folding, burying hydrophobic surface area and leaving ionized groups exposed to
the solvent [11,186,208], though experimental results support the view that the overall
secondary structure content o f a film is retained during drying and rewetting (see below);
similar in respects to protein crystallization and lyophilization. Hydrophobic interactions
and related structures formed in the film are apparent determinants o f granule size. For
another example, the granule sizes o f P1/N2, P2/N3, and P3/N2, respectively 204 nm,
148 nm, and 160 nm, are comparatively large.
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(a)

Figure 4.17 Summary o f assembly data for the various combinations o f peptide, (a)
Surface granule size as measured by AFM (20 layers), (b) Film thickness as determined
by ellipsometry (20 layers), (c) Density based on QCM mass deposition and ellipsometric
film thickness. Density o f a peptide in a film depends significantly on assembly partner.
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(P2/N2)i,

(P2/N 3)J

;P3/N2)„

(P3/N3),

Figure 4.18 Surface morphology o f the various combinations o f peptide after deposition
o f 20 layers as determined by AFM. Upper panels, height mode images; lower panels,
profilometric sections o f the indicated locations. The z-axis scale is 30 nm throughout and
the image dimension is 1 fim x 1 jam. The films display remarkable differences in surface
roughness.
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There is considerable variation in film thickness after deposition o f 20 layers.
Polypeptide multilayer films involving either P2 or N2 are thick by ellipsometry (>30 nm)
(Figure 4.17b), consistent with AFM experiments (Figures 4.17a and Figure 4.18). P2/N1,
P1/N2 and P2/N3 all exhibit supralinear growth by QCM and optical spectroscopy (Table
4.2). The large thickness o f these films can be ascribed to extensive polymer deposition.
Both P2/N2 and P3/N2 show linear growth: Flydrophobic surface and sub-maximal self
limited growth contiibute to film thickness in these cases. Combinations o f PI or N l and
P3 or N3 are comparatively thin (<15 nm). There is a relatively small amount o f
hydrophobic surface area on these peptide molecules. In P l/N l, electrostatic interactions
will dominate polymer adsorption, resulting in a very thin film. In P1/N3, P3/N1 and
P3/N3, side chain hydrogen bonding will influence mass deposition and thickness.
Film densities, based on QCM and ellipsometry measurements, are shown in Figure
4.17c. Some water molecules are trapped in polypeptide multilayer films, whether wet or
dry. The mass deposition o f both polypeptide and water molecules is counted by QCM.
Therefore, the water content will influence the film density calculations. P1/N3 has the
highest density, 11.40 g/cm ; P2/N2 has the lowest, 0.84 g/cm . The difference between
extremes exceeds 1,000%. Generally, films containing either PI or N l are relatively
dense. A large number o f electrostatic interactions and hydrogen bonds tend to harden
these films, as in an organic crystal or a folded small globular protein [186]. Charge
“mismatch” in P1/N2, P2/N1, P1/N3, and P3/N1 is consistent with large mass deposition.
The drying process might increase film density in these cases. In combinations between
P2 or N2 and P3 or N3, a relatively large amount o f hydrophobic surface area and
hydrogen bonding potential together will promote formation o f coils, loops or other
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irregular structures, which are unfavorable for dense packing o f polypeptide molecules in
the film. The density o f these films is correspondingly low.

4.4 Discussions
4.4.1 Specific Roles o f Different
Non-Covalent Interactions
4.4.1.1 Film Assembly
The data presented here show that coulombic interactions, hydrophobic interactions,
and hydrogen bonding determine the context dependence o f peptide self-assembly in
multilayer

film

formation.

Electrostatic

interactions

drive

the

adsorption

of

polyelectrolytes in LBL [20] and interpolyelectrolyte interactions [241]. A minimum
charge density is required o f the assembling species for self-limited polymer deposition
[40-44]. Hydrophobic interactions and hydrogen bonding, which contribute to protein
stability, will influence the requirement on |X) for stable peptide multilayer film assembly
[29,30,36,47,49,50]. Such interactions could be useful for controlling film stability. 7r-7r
stacking, for example, is reported to contribute to multilayer film formation in the
assembly o f certain organic dyes [29]. Although hydrophobic “patches” on a
polyelectrolyte could be disadvantageous for electrostatic LBL, because they reduce
charge density and may hinder charge-charge interactions, either sterically or by altering
the electromagnetic character o f the environment, a number o f polymers o f low charge
density have successfully been grown into multilayer films [242,243], Hydrogen bonds
are known to stabilize films made o f low linear charge density polyelectrolyte [49,50].
In the present work, mass deposition is greater for P2/N2 than P l/N l on silver-coated
resonators and on quartz microscope slides. This suggests that hydrophobic interactions
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make a significant contribution to film assembly in P2/N2. Polymer assembly in P2/N2,
however, is not necessarily self-limited. Peptide layer stacking,

facilitated by

hydrophobic interactions and /5 sheet structure stabilized by hydrogen bonding, might
induce supralinear growth under some circumstances, judging by the behavior o f P1/N2,
P2/N1 and P2/N3.
Key elements in peptide self-assembly are chemical complementarity and structural
compatibility [2,3]. This is evident from the organic crystal-like nature o f folded protein
[ 11 ] and it would suggest that details o f amino acid sequence will influence preparation
o f multilayer films from polypeptides. The present work shows that polypeptide
adsorption in multilayer film assembly is “context dependent”, the context being the
oppositely charged assembly partner. There are other consequences o f altering amino
acid sequence in multilayer film assembly. For example, hydrophobic valine occurs in P2
and in N2 in the same proportion, but the replacement o f lysine by valine differs
significantly from the replacement o f glutamic acid by valine. This difference is reflected
in the difference in growth trends o f P1/N2 and P2/N1. Similarly, replacement o f valine
by serine (P3) differs from replacement o f valine by asparagine (N3), even though both
serine and asparagine can participate in hydrogen bonding. All hydrogen bond donors
and acceptors, whether in a backbone or a side chain, must be satisfied in a film to ensure
overall charge neutrality; the driving force for hydrogen bonding in the film will be
influenced by the amount o f surrounding hydrophobic surface.
There are three possible reasons for the difference in growth mode between P2/N3
and P3/N2. One, asparagine side chains in N3 can act not only as hydrogen bond
acceptors but also as donors, whereas serine side chains in P3 can be donors only. This
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might lead to different hydrogen bond networks in films. Two, shape complementarity
between P2 and N3 might result in strong hydrophobic interactions. In P3/N2, possible
disruption o f hydrophobic interactions by the polarity o f serine might be more effective
than by that o f asparagine, due to the higher hydrophobicity o f the surrounding
environment; the side chain o f serine is smaller than that o f asparagine. Three, in aqueous
solution at neutral pH there is more /3 sheet and less random coil in P2 than in N2,
according to deconvolution o f CD spectra (Figure 4.13). The similarity in conformation
o f P2 in solution and film might assist formation o f /3 sheet in the film and, by some
unclear mechanism, induce supralinear growth.
4.4.1.2 Film Stability
Polypeptides are weak polyelectrolytes. The degree o f ionization o f lysine and
glutamic acid, and therefore the strength o f electrostatic interaction between peptides,
will depend significantly on the pH o f solution and the local environment. Lysine side
chains will be ionized at neutral pH or at strongly acidic pH, whereas glutamic acid will
be charged at neutral pH but neutral at strongly acidic pH. Protonation o f acidic side
chains at strongly acidic pH will neutralize the charge on polyanions in a multilayer film
and result in charge repulsion between polycations. A correspondingly more rapid and
extensive disassembly o f polypeptide multilayer films occurs at pH 2.5 than at pH 4.0
(Figure 4.12). Though the per-residue contribution to film stability o f hydrophobic
interactions and hydrogen bonds will generally be smaller than that o f electrostatic
interactions, particularly at neutral pH, hydrophobic interactions and hydrogen bonds will
be important when electrostatic interactions are relatively weak, for example, at extremes
o f pH. Glutamic acid titrates at pH 4.0-4.5 in solution; its pKa in a polypeptide multilayer
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film will usually be lower due to electrostatic interactions. The different environments in
the films will induce different degrees o f pKa shift, broadening the transition; the pKa
shift could be higher in the vicinity o f hydrophobic groups, as in the case o f glutamic acid
35 in hen egg white lysozyme [244].
4.4.2 Match Criterion o f Charge Density
for LBL and Relation
to MD Simulations
Multilayer films have been built o f highly charged polyanions and hydrophobic
polycations [225]. Nonlinear growth is frequently seen in this type o f polymer system,
and detailed structure o f side chain structure can influence growth mode. Here, extent o f
adsorption of P2 as determined by QCM and UV measurement follows the order P2/N1
(exponential) > P2/N3 (supralinear) > P2/N2 (linear) (Figures 4.4 and 4.5, Table 4.2),
consistent with the cited non-peptide study. Another report on non-peptide LBL showed
an increase in mass deposition o f highly charged polyanions when the charge density o f
the polycations was decreased [42], Increased mass deposition was accompanied by
decreased film stability, reflecting decreased packing density. Here, mass deposition o f
N l followed the order P2/N1 (exponential) > P3/N1 (linear) > P l/N l (linear) (Figures 4.4
and 4.5, Table 4.2); the order is just the opposite for density, namely P l/N l > P3/N1 >
P2/N1 (Figure 4.17c, Table 4.2), consistent with the cited non-peptide study. It might be
supposed that although a “poor” match in |A| between two oppositely charged
polyelectrolytes would not necessarily preclude film formation, it might lead to
asymptotically-limited or pseudo-exponential growth [225,245]. The results presented
here indicate otherwise.
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“Mismatched” P1/N2 and P2/N1

show supralinear and exponential growth,

respectively; more material is deposited than in the corresponding “matched” pairs.
“Mismatched” P1/N3 and P3/N1 show linear growth, but more material is deposited than
in P l/N l or in P3/N3. Correlated behavior is exhibited by the peptides in MD simulations
o f the corresponding IPECs: “Mismatched” peptide pairs exhibit a distinct “twist”, either
within one chain or between two chains [206]. P1/N2 and P2/N1 IPECs are more
“twisted” than P1/N3 and P3/N1 IPECs. Simple molecular models are similarly
correlated [206]. There is but one plausible adsorption mode for these four peptide pairs,
corresponding to highly ordered structures in P1/N2 and P2/N1 and extensively hydrogen
bond networks in P1/N3 and P3/N1. To the extent that linear film growth implies self
limited polymer assembly, in the present work it might be due to the short contour length
o f peptides. Short peptides studied here can form loop and tail structures less easily than
long ones, so the resulting films tend to be dense and crystal-like, particularly after drying
(see below). “Matched” cysteine-containing 32mer peptides with |A| = 0.5 show linear
growth under all conditions studied thus far [82,102,115,116,223]. Because P2 or P3 (N2
or N3) assembly with N l (or PI), any |A| match criterion for film assembly must not be
too strict. The ability o f peptides to form secondary structure might result in a nonuniform distribution and local accumulation o f charged groups in the adsorbed layers,
providing low charge density peptides with a charged surface for adsorption.
4.4.3 Film Growth Mode and Buildup
M echanism

Previous studies have shown that the PS S/PAH system, for example, shows linear
growth and that the PLL/hyaluronic acid (HA) or PLGA/PLL system shows supralinear
growth at neutral pH and moderate ionic strength [64,79]. A change in mode for a given
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system from linear to supralinear growth can result from an increase in ionic strength o f
the polyelectrolyte deposition solutions [69,84,85,93,246]. The character o f film buildup
can also be influenced by details o f the film fabrication process. For example, a pH or an
ionic strength jump during or after film assembly can reduce surface roughness by an
annealing process [103] and possibly result in pore formation [105]. Film structure can
also be altered by drying [247]. Proposed mechanisms o f growth mode under various
conditions have been a source o f controversy in the scientific literature. Polyelectrolyte
self-assembly in multilayer nanofilm fabrication is akin to self-organization in protein
folding when the polyelectrolytes are peptides [5,82].
The data presented here show that the degree o f “matching” o f molecular properties
between polypeptides influences film growth mode. For example, growth is linear in
P l/N l, where \k\ is matched, but growth is exponential in P2/N1, where |A,| is not
matched. For comparison, |A] is not matched in the PLL/HA system at pH 6 .0-6.5 [64], as
every other residue is ionizable in HA, and |a| is only approximately matched in the
chitosan/hyaluronan system at pH 5.0 [248], Nevertheless, both systems show what the
respective authors call exponential film growth. In the cited studies, however, ionic
strength was moderately high (0.15 M NaCl), increasing screening o f polymer charges
and decreasing persistence length, and films were not dried for characterization. PLL/HA
is a particularly complex system because the unit lengths o f the polymers are different,
the degrees o f freedom in the polymer backbone and in the side chains are different, the
monomer masses differ by several fold, the degrees o f polymerization were different, the
average polymer molecular weights were different, and the degrees o f polydispersity
were different. In the present work, by contrast, assembly data are shown for
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polyelectrolytes o f the same unit length and approximately the same average number o f
degrees o f freedom per monomer, monomer mass, degree o f polymerization, and overall
polymer mass. We decided to study the behavior o f designed polypeptides to simplify the
interpretation o f growth mode data.
“Exponential” polyelectrolyte multilayer film growth is sometimes described as
arising from polymer diffusion in a wet film. In the PLL/HA system, for example, the
diffusing species is PLL [6 6 ]. |A,| =1 for PLL under the conditions o f the experiments
(near neutral pH). In the present work, by contrast, experimental conditions were such
that polymer diffusion was improbable or limited: The films were dried between
adsorption steps and before measurement. Let us assume, however, that the exponential
growth o f P2/N1 resulted from polyion diffusion. Were P2 molecules or N l molecules
the species that diffused throughout the film? Let us suppose P2. Why then does P2/N2
show linear growth, as it too is built from P2? Do P2 molecules diffuse in the presence o f
N l but not N2 molecules? If so, what is the physical basis o f the difference in behavior in
the two cases? Is it the difference in |A,| between N l and N2?

Is it the difference in

hydrophobic surface area? The difference in |A,| or hydrophobic surface area must be
responsible. Why should a smaller value o f |A] for P2 than for N l promote diffusion o f P2
in the film? The diffusing species in the PLL/HA system is the more highly charged PLL
[6 6 ]. So let us suppose that N l molecules were the diffusing species in the P2/N1 system.
W hy then does P2/N1 show exponential growth but P l/N l linear growth? The same
form o f logic applies to analysis o f the P1/N2 system. The observed assembly behavior o f
P2/N1 and the conditions o f these experiments together imply, then, that exponential film
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growth might not have an essential dependence on the inward diffusion o f
polyelectrolytes.
Fibril formation o f P2 or o f N2 in solution [216,217] might increase the odds o f
exponential film growth in P2/N1 and P1/N2 by way o f successive increases in surface
roughness with increases in the number o f layers deposited [68,69]. Growth o f P2/N2,
however, is linear, not exponential. Such behavior might be attributable to the similar
solubility o f the two peptides. That is, adsorbing N2 molecules might displace some
adsorbed P2 molecules during adsorption, because the binding affinity to a surface o f
given absolute charge density is about the same for both polymers, and solubility is about
the same for both polymers (both have the same number o f charges per unit length and
the same number o f valine residues). In any case, the data are consistent with the view
that “macroscopic” nanofilm growth arises not from peptide structure per se, but from the
interaction o f one type o f polymer with its assembly partner. For example, growth o f
P l/N l is linear but that o f P2/N1 is exponential.
4.4.4 Secondary Structure and Relation
to MD simulations
4.4.4.1 Film Assembly
The secondary structure content o f the nine peptide combinations after deposition of
15 layers is summarized in Table 4.3. The considerable variation in secondary structure
from combination to combination, particularly differences between films built o f a
com m on peptide structure (e.g., P1/N2, P2/N1, and P2/N2), support the view that the

internal structure o f a polypeptide multilayer film is context dependent, i.e. the local
surrounding environment o f a peptide in a film, which is determined in part by its
assembling partner (the oppositely charged peptide), will play a key role in determining
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the secondary structure content o f the film. This resembles the context dependence o f
film growth mode (discussed above), the better-known “conformation switching”
exhibited by some peptides and proteins [249], the context dependence o f j3 sheet
propensities [233], and the context dependence o f contributions o f backbone hydrogen
bonds to (8 sheet folding energetics [250].
In general, /3 sheet, /? turn, and random coil are prevalent in all the films; little a helix
is seen in any o f them. P1/N2, P2/N1, P1/N3, and P3/N1 (“mismatched” combinations)
are /3 sheet-rich; P2/N2, P2/N3, P3/N2, and P3/N3 (“matched” combinations) have a
comparatively large amount o f random coil. MD simulations o f the corresponding IPECs
coincide with these findings (Figure 4.19, [206]): The former IPECs undergo
comparatively less structural change along a 1-2 ns trajectory and result in relatively
“extended” conformations at equilibrium, and they have a relatively low hydropathy,
non-bonded potential energy, and solvation energy; the latter IPECs show extensive
structural change along the trajectory and have more extensive structural charge along the
trajectory and have a “bent” or “collapsed” conformation at equilibrium, and they have a
relatively high hydropathy, non-bonded potential energy, and solvation energy. Content
o f /3 sheet and random coil in the films and the simulations together provide clues to the
degree o f order in a multilayer film and the possible organization o f internal structure. /3
sheet is by definition more ordered than random coil. Films with more /3 sheet and less
random coil are less likely to be susceptible to environmental perturbation [80],
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Figure 4.19 (a) Calculated non-bonded potential energy in implicit solvent versus
average hydropathy for nine IPECs. Average hydropathy per residue was calculated with
data from Kyte and Doolittle [210]. N2 has the highest average hydropathy, (b)
Relationship between calculated solvation energy o f peptide pairs in implicit solvent and
deconvoluted proportion o f (3 sheet in the film. Note the clustering o f P2/(N2, N3) with
P3/(N2, N3), and o f P1/(N2, N3) with (P2, P3)/N1 in both cases. The former IPECs have
a net charge o f 0, whereas the latter ones are only partially charge-neutralized. Also see
ref. [206],

4.4.4.2 Film Stability
Both P3/N2 and P3/N3 appear to display a small change in secondary structure
composition during assembly and disassembly, involving 13 sheet and random coil
(Figures 4.16c and 4.16d). Just the opposite is found in P2/N2 and P2/N3 (Figures 4.16a
and 4.16b). Another possible explanation is that the average signal obtained by CD masks
two somewhat distinct regions o f film, which assemble consecutively and disassemble in
reverse order (Figure 4.20). On the latter view, secondary structure composition is
approximately the same for a region, regardless o f thickness, but quite different between
regions. Both models admit possible influence o f the substrate on film assembly and
structure. In any case, local changes in secondary structure could induce structure
reorganization throughout the film. Changes in peptide structure could influence film
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growth mode. The more substantial the structure rearrangement on pH shift, the less
stable the film. The relatively more important hydrophobic interaction in P2/N2 and
hydrogen bonding in P3/N3 might help to stabilize the film during structure
rearrangement. In any case, it is clear that film disassembly is context dependent.

P3/N2 or P3/N3

P2/N2 or P2/N3

Figure 4.20 Schematic illustration o f models o f P3/N2 or P3/N3 and P2/N2 or P2/N3.
The quantity o f secondary structure in each layer differs in the two cases.

4.4.5 Film Thickness and Relation to
Structural Models
Properties o f polyelectrolytes in solution can be evaluated by scaling theory [251254]. In the case o f monovalent ions in water at room temperature, the Bjerrum radius rB
and the Debye shielding radius r Dare defined as follows:

where e = 1.60 x 10”19 C is the electron charge, £o= 8.85 x 10"12 F/m is the permittivity
o f vacuum, € = 80 is the relative dielectric constant o f water, k = 1.38 x 10“23 J/K is the
Boltzmann constant, and T = 298 K is the temperature;
(4.2)
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where z, and nt are the charge and number o f ions o f type i, respectively, and C is the
molar salt concentration. The “collapse” o f a polyelectrolyte from an extended to a coiled
conformation will occur when rD is equal to rB [252,255,256], i.e., when C =190 mM. At
lower salt concentrations, the extended conformation will be the more probable one,
particularly for short peptides [230], Provided that the conformation o f a polyelectrolyte
in solution is more or less retained during the adsorption process, salt-induced changes in
morphology o f the adsorbed layer will be correlated with the transition between an
extended conformation and a more compact one [85],
In the experiments reported here, the concentration o f NaCl was 10 mM; rDwas about
3.0 nm, or 4-fold larger than rB. This would suggest that the polypeptides are like rigid
rods in solution and will adsorb mainly as extended chains. CD analysis o f the peptides in
solution at neutral pH is consistent with this view (Figure 4.13). Regardless o f
conformation in solution, the polypeptides can form hydrophobic interactions and
hydrogen bonds in addition to electrostatic interactions, particular P2, N2, P3, and N3.
Such interactions will govern peptide complexation in a film. In all these polymers the
peptide bond will restrict the conformation o f the backbone, making the loss o f degrees
o f freedom relatively small on polymer adsorption.
The radius o f gyration Rg o f a random polymer is calculated as follows:
R g = N V5b / 6 X12

(4.3)

where N is the number o f monomer units and b is the monomer length [257]. In a fully
extended peptide, b is about 3.67 A. According to this model, the radius o f gyration o f a
32mer peptide is about 1.2 nm. For comparison, the contour length o f a 32mer peptide is
10-11 nm in

j8 sheet conformation, given a per-residue length o f 3.4 A in an anti-parallel
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|8 sheet and 3.2 A in a parallel /3 sheet [11,258]. The “thickness” o f a polypeptide in (3

conformation and therefore o f a layer in a multilayer film in the standing model is about
1.4-1.5 nm, depending on the constituent amino acid residues (Figure 4.3, Table 4.1).
This translates into a molecular aspect ratio o f 8-9 in classical (3 sheet geometry. The
“width” o f a peptide chain is a mere 0.5-0.6 nm.
The measured average thickness per layer by elhpsometry o f the peptide films
reported here is 0.18 nm (P1/N3) to 3.64 nm (P2/N1). All combinations o f P I, N l, P3,
and N3 show an average layer thickness that is smaller than the calculated radius o f
gyration (<1.00 nm); the opposite is found for combinations involving either P2 or N2
(>1.50 nm). Considering the relatively extended conformation o f the designed peptides,
the segregation o f film structures on the basis o f layer thickness is consistent with the
possible modes of polypeptide adsorption provided in Figure 4.7 and Figure 4.8. In
P3/N1 and in P3/N3, the average thickness per layer is comparable to the width o f a
peptide chain. Thus, it is plausible that a single molecular layer o f polypeptides is
deposited in these films and that the polymers recline on the surface during each
adsorption step (Figure 4.8). In P l/N l and in P1/N3, by contrast, the measured average
thickness per layer is only 1/3 o f the “width” o f a peptide chain. This suggests that some
leaching o f adsorbed peptide into solution occurs during deposition o f the oppositely
charged peptide, possibly by way o f soluble complex formation. For the thicker films, the
average thickness per layer is 1.3-3 times the “thickness” o f a peptide chain. This
suggests that polypeptides are adsorbed in multiple molecular layers or as coiled chains,
presumably due to hydrophobic interactions and the formation o f 13 sheet structure
(Figure 4.7).
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4.4.6 Film Density. Surface Morphology
and Relation to MD Simulations
The relationship between mass deposition (QCM and UV), film thickness
(ellipsometry), and surface morphology (AFM) has been studied further as shown in
Figure 4.21. The films studied here display a remarkable variety in density given the
relatively small differences in amino acid sequence (Figures 4.17c, 4.21a, and 4.21b).
This suggests that peptide design could be a mean o f controlling film density given
otherwise constant assembly conditions. In Figure 4.20b, a linear fit to all data points
distinguishes films o f higher density (e.g., P1/N3, 11.4 g em-3) from ones o f lower
density (e.g., P2/N2, 0.84 g-cm -3 and P3/N2, 0.88 g-cm-3); the extremes differ by more
than 1,300%. Figure 4.21c shows that, in general, surface roughness increases as mass
deposited increases. In general, films become thicker and rougher as mass deposition
increases; films with extreme density or mass deposition deviate from this trend by
unclear mechanisms. Supralinear growth is reported to arise from somewhat irregular
polyelectrolyte deposition, resulting in an increasingly rough surface and inducing
interpenetration o f layers [225]. On the contrary, the results presented here suggest that
exponential growth does not always imply large granule size or surface roughness. Not
only mass deposition, but also the hydrophobicity and polarity o f adsorbing polymers and
the degree o f match o f charge density, will influence surface roughness and film
morphology.
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Figure 4.21 Relationship between frequency shift (film mass, QCM), film optical
mass/thickness (UV), film thickness (ellipsometry), and granule size (surface roughness,
AFM). (a) Optical mass/thickness versus thickness, (b) Frequency shift versus thickness.
The line, a fit to all data points, nearly passes through the origin; there is no change in
resonant frequency unless peptide is deposited. Density varies between films by as much
as 1,300%, suggesting that direct translation o f resonant frequency shift into film
thickness for different combinations o f polyelectrolyte, though common in the scientific
literature, is a dubious practice at best, (c) Frequency shift versus granule size. The line is
a fit to all data points except those indicated by an arrow; it is a visual aid only. The error
in UV absorbance is very small and set to ±1%. The error in ellipsometric thickness is the
standard deviation based on independent measurement o f three randomly selected points
on the same sample. The error in frequency shift for P2/N 1, P2/N 2 and P2/N 3 is the
standard deviation of four independent samples. The error in granule size is set to ±10%,
based on analysis o f AFM data.
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The considerable variety in surface roughness o f the polypeptide films can be
attributed to relative contributions of different interactions. The stronger the interactions
between polymers, the smoother the films. Films with a large number of electrostatic
interactions are thin and smooth, whereas those with a large number o f hydrophobic
interactions are thick and rough. Hydrogen bonds are electrostatic in nature, but side
chain hydrogen bonds might cause some structural irregularity in a multilayer film due to
the need to fulfill hydrogen bonding potential. Further analysis o f the surface roughness
data (Table 4.2, Figures 4.17a and 4.18) reveals intriguing patterns o f behavior.
Experimental granule size follows the same order in peptide combinations involving N1
or N3: P1/(N1, N3) < P3/(N1, N3) < P2/(N1, N3). Moreover, all films involving N1 have
a smaller granule size than the corresponding combination with N3. Furthermore, the
order o f granule size for combinations with PI or P3 is the same as for N1 or N3: (PI,
P3)/N1 < (PI, P3)/N3 < (PI, P3)/N2. In these cases, the hydrophobic surface o f one
assembly participant decreases as the surface roughness measured by AFM decrease. It
indicates that relatively weak hydrophobic interactions and hydrogen bonding can
increase the surface roughness whereas the opposite is for relatively strong electrostatic
interactions. The existence o f such patterns suggests the possibility that further study will
reveal the underlying physical basis o f the observed behavior.
In MD simulations, the P l/N l IPEC shows relatively little structural change along a
1-2 ns trajectory; it has the most rigid conformation at equilibrium o f all peptide IPECs
studied thus far, and it has the lowest non-bonded potential energy (Figure 4.19a, [206]).
Similarly, electrostatic contributions to film stability are greater in P l/N l than in the
other peptide films, and P l/N l has the smoothest surface by AFM. High total potential
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energy correlates with high surface roughness. MD simulations show that the total
potential energies o f peptide IPECs cluster into three groups in the order N2 > N3 > N1
(Figure 4.22,

[206]). In the corresponding experiments reported here, peptide

combinations involving N1 (large contribution by electrostatic interactions) have the
lowest surface roughness, whereas combinations involving N2 (large contribution by
hydrophobic interactions) have the highest surface roughness. The trend found for JPEC
potential energies is also found for surface roughness in films involving N2, namely,
P2/N2 < P3/N2 < P1/N2. It suggests that the more similar the assembly partners in a
peptide pair, the lower the total potential energy and the stronger the interactions in an
IPEC, especially when hydrophobic interactions are involved, and the lower surface
roughness o f the corresponding peptide film.
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surface roughness. A lso see ref. [206],
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4.5 Summary
This work has shown that details o f amino acid sequence are crucial to polypeptide
multilayer film assembly, structure, and stability. The relative importance o f various
kinds o f non-covalent interaction has been clarified. Generally, interactions with a high
bond energy, notably, electrostatic interactions, result in thin, smooth, and dense films.
By contrast, hydrophobic interactions and side-chain hydrogen bonding increase film
thickness and surface roughness but decrease the film density. The same interactions,
however, stabilize films when electrostatic interactions are weakened, for example, at
acidic pH. The degree o f match o f charge density between oppositely charged peptides
can have a great impact on film assembly and stability. Charge density matching affects
the extent o f mass deposition. Mismatch in hydrogen bonding potential will influence the
equilibrium hydrogen bonding network in a film and therefore film structure and
properties. The preferred secondary structure in a polypeptide multilayer film is (3 sheet.
The presence o f fi sheet indicates ordering o f film structure, and the extent o f j8 structure
is correlated to mass deposition. A dry polypeptide multilayer film is like organic crystal
or a glass; it is akin to the interior o f a folded globular protein. The assembly o f a
polypeptide multilayer film thus resembles the folding o f a protein. The MD simulations
of peptide IPECs provide further insight on multilayer film assembly and dependence o f
physical properties o f films on amino acid sequence [205,206]. Rational design o f
peptides will enable the study o f a variety o f polypeptide multilayer films with specific
features, opening further possibilities for the development o f novel biomaterials.
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CHAPTER 5

ENVIRONMENTAL PERTURBATION AND
STABILITY OF POLYPEPTIDE
MULTILAYER FILMS

5.1 Introduction
In multilayer films made o f strong polyelectrolytes, electrostatic interactions play the
dominant role in polymer adsorption. The result o f the assembly process will usually be a
thin, somewhat dense, isotropic film. By contrast, the linear charge density o f weak
polyelectrolytes can vary substantially with pH, enabling hydrogen bonds and
hydrophobic interactions to contribute more substantially to multilayer formation and
stability. One can form a loose and anisotropic film o f locally ordered structure. In
previous study, roles o f non-covalent interactions in polypeptide multilayer film
assembly, structure, and stability have been clarified. Buildup o f material on the substrate
during the film formation process will be linear or nonlinear, depending not only on
amino acid sequence but also on peptide-peptide interaction. Dry multilayer films o f
designed polypeptide have been found to comprise a mixture o f types o f secondary
structure, rich in /3 sheets and lack o f a helices. Open questions have therefore been
structural stability o f polypeptide multilayer films on various environmental perturbations
and the underlying mechanisms. One o f the most widely used probes for film stability is
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postpreparation pH shift. Dehydration o f PLGA/PLL multilayer film is, however, known
to involve film deswelling on the order o f 70% [93], And, deposition o f (PSS/PAH )2
bilayers on top o f (PLL/PLGA)„ multilayers is also found to totally destroy /3 sheets over
the entire film as determined by FTIR [80]. In previous study, postpreparation pH shift
has been applied to film stability study o f designed polypeptide multilayer films. The
polypeptides used are, however, relatively short and monodisperse, all o f which have the
same chain length and relatively simple amino acid sequence.
Here, we report results o f the study o f the susceptibility o f the internal structure o f
polypeptide multilayer films to two more environmental perturbations: ( 1) drying and
rehydration, and (2) deposition o f PAH and PSS on the film surface. The extent,
character, and reversibility o f change in film structure have been investigated, as well as
the possibility and degree o f the dependence on the chemical and physical properties o f
polypeptides. Two classes o f polypeptide have been analyzed: relatively long chains o f
PLL and PLGA, with an average charge per monomer o f about 1, and relatively short
chains o f designed polypeptides, with an average charge per monomer o f about 0.5. It has
been found that polypeptide chain length, degree o f polydispersity, linear charge density,
and other properties influence film stability, i.e. susceptibility o f film structure to
environmental perturbations. The methods o f analysis are CD, UV, and QCM, among
which CD is proven particularly well-suited for monitoring secondary structure changes
o f polypeptide multilayer films. The advantage o f CD over FTIR and the reliability o f
CD deconvolution have been further clarified.
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5.2 Experimental Design
5.2.1 Polymers
Lyophilized PLL. hydrobromide salt (molecular mass 14.6, 48.1, 84, 93.8 and 222.4
kDa) and PLGA sodium salt (molecular mass 5.0, 13.6, 50.3, 84.6, and 97.8 kDa), from
Sigma, Inc. (St. Louis, MO), were used without further purification. Two 24mer
polypeptides, (KV)nKY (P4) and (EV)nEY (N4), were designed to study the role o f
degree o f polymerization and polydispersity. They have fairly short chain length for LBL,
and their amino acid sequence, linear charge density and hydrophobicity are similar to P2
and N2 used in previous study. Two 32mer polypeptides, (KVKGKCKVLKVKGKCKY
(P5) and (EVEGECEV) 3EVEGECEY (N5), contain cysteine for disulfide bond crosslinking and glycine for polymer backbone flexibility [82,115,116,223]. PAH (70 kDa)
and PSS (70 kDa) were from Sigma-Aldrich, Inc., and were used without further
purification.
5.2.2 Multilayer Film Formation
and Characterization
In drying and rehydration test, all films were assembled from peptide solutions at a
concentration o f 2 mg/mL. Phosphate buffer (8.1 mM Na 2HP(>4, 1.9 mM NaHiPCL, 0, 10,
or 50 mM NaCl, pH 7.4) was used in assembly and rewetting o f (PLL/PLGA)g.
Polypeptide aggregation and strong UV absorption was avoided in the assembly o f
(P4/N4)g by use o f Tris buffer (10 mM Tris, 10 mM NaCl, pH 7.4); 10 mM NaCl was
used for rewetting. Tris buffer (10 mM Tris, 50 mM NaCl, pH 7.4) was used in the

assembly o f (P4/PLGA)6; water was used for rewetting. Quartz microscope slides were
cleaned sequentially by agitation in hot 1% SDS for 30 min, immersion into 1% NaOH in
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99.8% CH 3OH/H 2O (50/50, v/v) for 2-3 h, agitation in a hot piranha for 5 min, rinsing
with ultrapure deionized water, and drying with a stream o f nitrogen gas.
In CD measurement, for dry films (180-260 nm), film-coated quartz microscope
slides were placed in a sample holder and fixed in place; for wet films (19x-260 nm, *
depends on rewetting media), film-coated quartz microscope slides were immersed in
buffer solution, salt solution or water in a quartz cuvette with 1 cm path length. The time
elapsing between immersing the dry film into the rewetting medium and starting to
collect the CD spectrum was about 6 min in each case. The duration o f each scan was
about 1 min. CD signal intensity was excellent and the signal-to-noise ratio was high.
None o f the CD spectra presented here have been smoothed. In CD deconvolution, for the
same reason mentioned in previous chapter, it was necessary to use different reference
sets to analyze the dry and wet film spectra; in each case, as much o f each raw CD
spectrum as possible was included in the analysis and the largest reference set available
for the wavelength range o f the CD data was selected: IBasis 1 (178-260 nm, 29 proteins)
was used for dry films and IBasis 4 (190-240 nm, 43 proteins) for wet films. However,
results from these two reference sets are comparable as the secondary structure fractions
they estimate are identical.
In PAH and PSS deposition test, all films were prepared in 10 mM Tris and 0.15 M
NaCl, pH 7.4. The concentration o f positive peptide or negative peptide in buffered
aqueous solution was 1 mg/mL. Disulfide cross-linking o f (P5/N5)io was achieved by
exposure overnight to 20% (v/v) dimethyl sulfoxide (DMSO), 1 fiM M nC f, and 10 mM
Tris saturated with air, pH 7.5. Quartz microscope slides were first cleaned in 1% SDS at
80 °C with agitation for 30 min, immersed into 1% NaOH in 99.5% CH 3CH 2OH/H 2O
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(60/40, v/v) for 2 h, rinsed with ultrapure deionized water, and then dried with a stream
o f nitrogen gas.
Additional information o f film assembly, substrate cleaning procedures, instrument
settings, and principles and methods o f data analysis are presented in previous chapter.

5.3 Drying and Rehvdration
5.3.1 Film Assembly Monitored by UV
UV spectra o f dry (PLL/PLGA)g (PLL: 93.8 kDa; PLGA: 97.8 kDa) and dry (P4/N4 )8
are presented in Figure 5.1. As the concentration o f NaCl in phosphate buffer increased
from 0 to 50 mM, the mass deposition o f (PLL/PLGA)g decreased by 20% (Figure 5.1a).
About 25% more (PLL/PLGA)g than (P4/N4 )8 was deposited under the same conditions,
for example, 10 mM NaCl (Figure 5.1a). Figure 5.1b shows that the wavelength o f
maximum absorption, due to the peptide bond, was -193 nm for the (PLL/PLGA)g films
and -196 nm for (P4/N4)g. Absorption in the 210-250 nm range, which is sensitive to the
conformation o f the polypeptide backbone, was stronger for (P4/N4)g than (PLL/PLGA)g.
Salt ions increased the absorption o f (PLL/PLGA)g to a slight extent in the same range,
possibly by influencing the solubility o f polymer.
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Figure 5.1 (a) As-obtained and (b) amplitude-adjusted UV spectra o f dry films o f
(PLL/PLGA ) 8 and (P4/N4)8. The qualitative difference in the (P4/N4 )8 spectrum from the
(PLL/PLGA )8 spectra suggests a difference in internal film structure.

The average degree o f polymerization o f PLL ( - 733) and PLGA (-758) is about 30fold larger than for P4 and N4 (-24). This leads to more extensive mass deposition o f
polymer in PLL/PLGA than P4/N4 [56,59,60]: a single PLL or PLGA can be partly
adsorbed and partly extended into solution, whereas a P4 or N4 chain is effectively either
completely adsorbed or in solution. Effects o f ions in solution on the formation and
dissolution o f weak polyelectrolyte multilayers have been investigated previously
[259,260], It was found that the self-assembly o f layers from weak polyelectrolytes can
involve polymer adsorption and resolubilization, the balance depending on the salt and
ionic strength. Phosphate ions in particular can induce the erosion o f a multilayer film at
relatively low ionic strength. The decrease in U V absorbance in (PLL/PLGA)g on

increase o f NaCl concentration (Figure 5.1a) could therefore result from an increase in
the solubility o f polyion complexes or a change in the organization o f molecules in the
film. In any case, UV absorbance will depend significantly on the chromophores present
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and how they are arranged in the film. A qualitative difference in the shape o f UV spectra
o f polypeptide multilayer films which contain an identical number o f layers will strongly
suggest a qualitative difference in polypeptide backbone conformation and therefore film
internal structure [184,185].
5.3.2 Drying and Rewetting
Monitored by CD
5.3.2.1 Reference Set for CD
Deconvolution
Far-UV CD spectra were deconvoluted into contributions from secondary structures
with the CONTINLL algorithm [200-202]. The usual reference structures for the
algorithm are not peptides in a film. Moreover, the CD spectra o f peptides in a film will
not necessarily be the same as those o f soluble proteins. Furthermore, using soluble
protein spectra as the reference set might produce some degree o f artifact. Nevertheless,
we believe that the following points are relevant. Extensive comparison can be made
between CD spectra o f soluble proteins and the corresponding X-ray or nuclear magnetic
resonance (NMR) structures. This is useful for assessing the significance and utility o f a
method o f deconvoluting CD data. Unfortunately, no such comparison can be made in the
case of polypeptide multilayer films, because there are no corresponding high-resolution
structures. It is possible, however, to compare CD spectra o f polypeptide multilayer films
with structural information obtained by some other experimental method, e.g. FTIR. In
fact, FTIR data are available, and a comparison has been made with corresponding CD
data. CD is the best method for secondary structure analysis [186]. For example, the
group in Strasbourg has used FTIR to study structural properties o f multilayer films made
o f PLL and PLGA [79,80,83], and our research group has made extensive use o f CD to
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obtain structural information on polypeptide multilayer films, including ones made o f
PLL and PLGA [56]. The FTIR data from the Strasbourg group strongly suggest that at
neutral pH the peptides in the films are in a @ sheet conformation. CD strongly
corroborates this interpretation o f FTIR in that the CD spectrum closely resembles that o f
model /3 sheet structures (for example, see [261]). This suggests — but obviously does
not prove — that to some extent it should be possible to use deconvolution software for
soluble proteins to obtain an indication o f secondary structure content in polypeptide
multilayer films, even if such deconvolution cannot be considered definitive. It must also
be mentioned that CD has been used to analyze protein films for quite some time, at least
since the work of Timasheff and Fasman in the late 1960s. Relevant references include
Townend et al. [262], Stevens et al. [190], and Fasman et al. [191].
5.3.2.2 Secondary Structure Change
upon Drying and Rewetting
A matter o f significance to materials science, expecially for product storage and
transport, is the extent o f reversibility o f any structural changes in peptides that occur
during film dehydration and rehydration. Figure 5.2 displays CD spectra o f (P4/PLGA )6
(PLGA: 5.0 kDa) fabricated in 10 mM Tris, 50mM NaCl, pH 7.4. The film was not dried
between successive polymer deposition steps. The wet and dry spectra show minor
differences, but the wet film spectrum and the spectrum after 16 or 106 min o f rewetting
(i.e. after 10 or 100 scans) are effectively the same. The duration o f each scan was about
1 min. The data presented here provide clear evidence o f a substantial degree o f
reversibility o f the structural changes in the film on drying and rewetting. Moreover, they
are consistent with a previous analysis o f the reversibility o f structural changes in
PLL/PLGA films [81],
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Figure 5.2 CD spectra for multilayer films o f (P4/PLGA)6, under wet and dry conditions
and after rewetting for different time periods. The buffer was 10 mM Tris, 50 mM NaCl.

CD spectra and deconvolution results for (PLL/PLGA)g when wet and when dry are
shown in Figure 5.3. The positive band was incomplete for wet films due to the wellknown interference o f chloride ions below 200 nm. Hydration o f (PLL/PLGA)* resulted
in no shift o f the negative band at -216 nm, but it did lead to substantially reduced signal
strength. The amplitude o f the positive band, nearly zero in dry films, became
comparable to that o f negative band in wet films. Nevertheless, deconvolution suggests
that both dry and wet films contain a large amount o f /3 sheet, (3 turn, and random coil but
only a small amount o f a helix, consonant with previous studies [56,80,81]. Random coil
dominates in dry films and the percentage o f (3 turn is relatively large, whereas in wet
films /3 sheet is preponderant and the fraction o f /3 turn is comparatively small. It would
therefore appear that some molecules pass spontaneously from an irregular conformation
to a more ordered (3 sheet structure on film rehydration.
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Figure 5.3 CD spectra and secondary structure deconvolution for (a) dry and (b) wet
multilayer films o f (PLL/PLGA)8. The buffer was 10 mM phosphate. The added salt at 0,
10. or 50 mM was NaCl.

CD spectra and deconvolution results o f a multilayer film o f (P4/N4 ) 8 under dry and
under wet conditions are shown in Figure 5.4. On film rehydration, the negative band
shifted to the UV by about 1 nm but the amplitude remained about the same. This is a
credible shift in wavelength because the signal intensity and signal-to-noise ratio were
extremely good, the data were not smoothed at all, and the shift in band position is clearly
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evident. The positive band, by contrast, did not show a wavelength shift but its amplitude
increased by about 80%. Deconvolution suggests that both dry and wet films contain a
large amount o f (3 sheet, and that /3 sheet and a helix content increase on film rehydration
at the expense o f random coil.
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Figure 5.4 CD spectra and secondary structure deconvolution for dry and wet multilayer
films o f (P4/N4)8. The buffer was 10 mM Tris, 10 mM NaCl.

Closer analysis o f CD spectra has revealed differences in secondary structure content
between dry (P LL/P LG A) 8 and (P4/N4)g films (Figures 5.3a and 5.4). The CD spectrum
o f a |3 sheet is characterized by a negative band at -2 1 6 nm and a positive band in the
range 195-200 nm, while that o f random coil has a negative band at -2 0 0 nm
[196,197,199], Although the amplitude o f the negative band was similar in both films, the
amplitude o f the positive band was close to zero in (PLL/PLGA)g but about 55% o f that
o f negative band in (P4/N4)g. Deconvolution suggests that the former is dominated by
random coil, the latter by /3 sheet. The absolute linear charge density |X| ~1 for PLL and
PLGA, and |X| —0.5 for P4 and N4 at neutral pH. PLL and PLGA are relatively long
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polymers and therefore prone to form loop and tail structures on the substrate surface.
This may explain the large amount o f random coil found for (PLL/PLGA)g. Polypeptides
P4 and N4, by contrast, for which |A| * 0.5 and the degree o f polymerization is
comparatively small, tend to form ft sheet-containing fibrils in aqueous solution
[216,217], consistent with the large amount o f ft sheet in (P4/N4 )8 [207].
Effects o f drying and rewetting polyelectrolyte multilayer films have been
investigated in earlier studies. Dry PSS/PAH films swell in humid air, increasing both
thickness and mass as water molecules permeate the polymer matrix [92]. Mendelsohn et
al.

[118]

have

proposed

that

ionic

cross-linking

between

non-peptide

weak

polyelectrolytes can greatly influence multilayer film swellability under physiological
conditions. Halthur and colleagues have found that intermediate drying steps in air during
the assembly o f PLGA/PLL films does not affect continuation o f film buildup [93].
Instead, such films prepared at neutral pH display a reversible collapse upon drying, the
original film thickness being regained on rewetting without loss o f mass.

The water

content o f dry PLL/PLGA films can be significant [93,94]. Richert et al. [90] have
reported that PLL/PLGA films show greater swellability in water when made at acidic
pH than basic pH.
Polypeptide complexation in aqueous solution and polypeptide deposition in a
multilayer film is predominantly entropy-driven [38,263]. In other words, the decrease in
entropy on fixing some degrees o f freedom o f the polypeptide chain is overcompensated
by the gain in entropy on release o f water molecules and counterions. The enthalpy gain
on formation o f electrostatic interactions, hydrophobic interactions, and hydrogen bonds
on peptide deposition, complexation, and secondary structure formation will also play
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some role in film assembly [5,38,205,207], but the relative importance is apparently
smaller.
In the present work, differences in secondary structure content between dry and wet
films o f (PLL/PLGA)s or (P4/N4)8 were small. Deconvolution suggests that a significant
percentage o f irregular structure is present, along with a large amount o f (3 sheet and j8
turn but practically no a helix. More configurations o f 0 sheet than a helix are possible
for a polypeptide o f a given degree o f polymerization, promoting a tendency to form /3
sheets instead o f a helices in multilayer films [38], Whether the film is wet or dry,
polypeptides in the film will organize non-covalent interactions so as to minimize free
energy.
The dielectric constant inside a dry film will be relatively low, making electrostatic
attraction and repulsion relatively strong. Polypeptide chains therefore are able to orient
themselves less freely when dry, and some weak hydrogen bonds in secondary structures
will be broken to optimize electrostatic interactions during the drying process. Dry films
are more likely to show a larger percentage o f random coil structure than wet films. The
data suggest that /3 sheets are shorter in dry films than wet films, based on the relative
percentage o f /? turns (Figure 5.5).
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Figure 5.5 Schematic illustration o f the internal structure o f dry and wet films. A dry
film has relatively large percentage o f (3 turns, short (3 strands, and large amount o f
random coil. A wet film has relatively few (3 turns and long (3 strands. The overall
secondary structure content is largely the same, however, in wet and dry films.

Film rehydration results in the return o f water molecules and counterions from the
surrounding solution. This weakens electrostatic attractions due to the rise in dielectric
constant o f the local environment and increases the ability o f polypeptide chains to selforganize and form more ordered secondary structures. The resulting films have
comparatively less random coil structure and longer (3 sheets, and apparently a small
amount o f a helix (Figure 5.5). In the work reported here rehydration always resulted in
an apparent increase in the order o f internal structure in the films. However, film
rewetting at extremes o f pH will generally lead to film disintegration [81,115], It has
been found experimentally reversible formation o f disulfide bonds between cysteinecontaining peptides will increase film stability at neutral pH and in harsh environments
[82,115,116,223,264],
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5.4 Deposition o f Polvelectrolyte o f Different Nature
5.4.1 Results
5.4.1.1 Commercial Polypeptides
Figure 5.6a presents spectra o f polypeptide multilayers made o f 14.6 kDa PLL and
13.6 kDa PLGA. The final peptide layer was PLGA. A positive Cotton effect is evident
in the CD spectrum near 197 nm and a negative one near 216 nm. This implies the
substantial presence o f 0 sheet and random coil in the film, consistent with previous
reports [56,80,81]. Deposition o f a bilayer o f ca. 70 kDa PAH and ca. 70 kDa PSS onto
the film resulted in a decrease in intensity and broadening of the negative Cotton effect,
indicating disruption o f internal structure. The positive band was blue-shifted in this
process by about 1 nm. UV showed a small increase in the spectrum near 195 nm on
deposition o f (PAH/PSS)i, owing to nonpolypeptide polymer deposition and, possibly,
the dependence o f peptide bond absorbance on polypeptide conformation. The
characteristic absorption peak o f PAH/PSS is seen near 230 nm.
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Figure 5.6 Effect o f deposition o f PAH and PSS on CD and UV spectra o f multilayer
films o f PLL (14.6 kDa) and PLGA (13.6 kDa). (a) Final layer o f polypeptide PLGA: (-)
(PLL/PLGA),o or ( - ) (PLL/PLGA)10/(PAH/PSS),. (b) Final layer o f polypeptide PLL: (-)
(PLL/PLGA), 0/PLL or ( - ) (PLL/PLGA) ,0/PLL/(PAH/PSS)i. (c) Final layer o f
polypeptide PLL: (-) (PLL/PLGA) 10/PLL or ( - ) (PLL/PLGA)10/PLL/(PSS/PAH),. The
order o f deposition o f PAH and PSS is reversed with respect to panel b. The solid
spectrum should be approximately the same in all three cases. The data, however, are
from three separate experiments, and the film ends in PLGA in panel a and in PLL in
panels b and c. After slight adjustment o f the horizontal and vertical axes, the three solid
spectra are nearly identical.

Figures 5.6b and 5.6c show the effect o f depositing PAH and PSS on a PLL/PLGA
film when PLL was the final peptide layer. PAH (panel b) or PSS (panel c) was deposited
first. The film spectrum after depositing (PAH/PSS), resembled that o f PLL/PLGA films
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ending in PLGA (Figure 5.6a). The result o f depositing (PSS/PAH)i was rather different:
the positive and negative Cotton effects nearly disappeared, and in the UV spectrum there
was an obvious decrease in magnitude near 195 nm and an increase near 230 nm. The
230 nm peak proves that nonpolypeptide polymers were deposited, and the 195 nm peak
is consistent with some mass loss. To summarize, the extent o f structural change depends
on whether PSS was deposited before or after PAH, and it would appear that film
structure is influenced more by deposition o f PSS, a strong polyelectrolyte, than PAH, a
weak polyelectrolyte.
We have also studied whether polypeptide chain length has any bearing on the extent
o f perturbation o f polypeptide film structure by PAH and PSS (Figure 5.7). CD spectra o f
films o f ca. 14 kDa peptides (a) and o f ca. 90 kDa peptides (c) show similar changes on
deposition o f (PAH/PSS)i. The positive Cotton effect is shifted slightly to the UV, and
the negative one is diminished in magnitude and flattened out. As to spectral differences,
the lower mass peptides show an increase in the positive Cotton effect, and the higher
mass ones show an obvious increase in absorbance near 195 nm in the UV absorption
spectrum. Other combinations o f chain length o f PLL and PLGA — viz., 48.1 kDa PLL
and 50.3 kDa PLGA (b), and 222.4 kDa PLL and 97.8 kDa PLGA (d) — behaved
somewhat differently. The negative Cotton effect nearly vanished on perturbation, the
positive Cotton effect remained about the same, and the UV absorption peak near 195 nm
declined in magnitude.
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Figure 5.7 Optical spectra o f multilayer films o f PLL and PLGA o f different average
molecular weight, before and after deposition o f PAH and PSS. (-) (PLL/PLGA)io; (—)
(PLL/PLGA)io/(PAH/PSS)i. Horizontal and vertical scales are the same in each case for
the sake o f comparison, (a) PLL (14.6 kDa) and PLGA (13.6 kDa). (b) PLL (48.1 kDa)
and PLGA (50.3 kDa). (c) PLL (84.0 kDa) and PLGA (84.6 kDa). (d) PLL (222.4 kDa)
and PLGA (97.8 kDa).

QCM also has been used to study PLL/PLGA film assembly and perturbation by
PAH/PSS (Figure 5.8). Mass buildup as a function o f adsorption step was nonlinear, and
the overall frequency shift was substantially smaller for the shorter peptides (a) than the
longer ones (b), consistent with previous reports [56,80]. The data would suggest that
material was lost from the short peptide film on deposition o f (PAH/PSS)i, probably
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because small polypeptides were stripped off by large nonpolypeptides. The assembly
behavior o f other chain lengths o f PLL and PLGA (48.1 kDa PLL and 50.3 kDa PLGA,
and 222.4 kDa PLL and 97.8 kDa PLGA) was not substantially different from the given
examples, nor was the effect o f depositing PAH and PSS.
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Figure 5.8 Frequency shift data o f polypeptide film fabrication and perturbation by
deposition o f PAH and PSS. The absolute value o f the frequency shift is shown, (a)
(PLL/PLGA) 13/(P AH/P S S)2: PLL (14.6 kDa) and PLGA (13.6 kDa). (b)
(PLL/PLGA) 8/(PAH/PSS)2: PLL (84.0 kDa) and PLGA (84.6 kDa). Note that two
bilayers o f PAH and PSS were deposited in these experiments. Arrows indicate where the
first nonpolypeptide polyion was deposited.

5.4.1.2 Designed Polypeptides
PLL/PLGA film properties have been compared with those o f films made o f P5 and
N5. Figure 5.9 shows the spectrum o f a P5/N5 film before and after deposition o f
(PAH/PSS)i. Cotton effects are seen near 197 nm and 216 nm prior to adsorption o f PAH
and PSS, similar to PLL/PLGA films. Evidently, a large quantity o f

sheet and random

coil was present [82,115,116], In marked contrast to (PLL/PLGA)„, however, the
(P5/N5)io films showed little structural change on deposition o f a PAH/PSS bilayer. The
positive and negative Cotton effects decreased in magnitude by only a few percent, and
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the peak maxima did not shift. The UV absorption peak near 195 nm increased only
slightly on exposure to PAH, though substantially more when PSS was deposited, owing
presumably to deposition o f nonpolypeptide polymer on the surface and, perhaps, some
structural change in the peptides. There was, however, almost no difference between
depositing (PAH/PSS)i (Figure 5.9a) and (PSS/PAH)i (Figure 5.9b) on the film when the
outermost layer was negative, again rather different from (PLL/PLGA),,.
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Figure 5.9 Optical spectra o f multilayer films o f P5 and N5, before and after deposition
o f PAH and PSS. (a) (-) (P5/N5)10; (--) (P5/N5)10/PAH; (••••) (P5/N5) i0/(PAH/PSS) i . (b)
(-) (P5/N5)i0; (--) (P5/N5)i0/PSS; (•■••) (P5/N5)i0/(PSS/PAH)i. The order o f deposition o f
PAH and PSS was reversed with respect to panel a. Cross-linked polypeptides showed
relatively little difference in behavior (see Figure 5.10).

Previous work has shown that disulfide cross-linking can have a large impact on film
stability under harsh conditions, for example, acidic pH [82,115,116,223]. Here, stability
means susceptibility o f film structure to environmental perturbation o f any kind. We have
used CD and UV to determine whether disulfide cross-linking o f P5 and N5 in a
multilayer film would influence susceptibility to perturbation o f structure by PSS and
PAH. Both P5 and N5 contain the amino acid cysteine, which can form a disulfide bond
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under oxidizing conditions. The data show that even smaller changes in the CD spectrum
occurred on deposition o f PAH/PS S than in the absence o f cross-linking, and there was
no dependence on the sequence o f deposition o f the nonpolypeptide polyelectrolyte
(Figure 5.10). This implies that the P5/N5 films were relatively dense.
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Figure 5.10 CD and UV spectra o f cross-linked multilayer films o f P5 and N5, before
and after deposition o f PAH and PSS. Multilayer formation preceded sequential
deposition o f (a) PAH and PSS bilayer; (-) (P5/N5)io, (--) (P5/N5)io/PAH, (••••)
(P5/N5),0/(PAH/PSS)i (b) PSS and PAH bilayer; (-) (P5/N5)10, (--) (P5/N5),0/PSS, (••••)
(P5/N5)i0/(PSS/PAH)i.

5.4.2 Discussion
5.4.2.1 Comparison o f CD and FTIR
and Assumption for CD
Deconvolution
Two methods have been used in studies o f polypeptide multilayer films to assess
secondary structure content: FTIR [78-80,83] and CD [56,81,88,115,116,192]. In analysis
o f film structure by FTIR, the amide I band is decomposed into contributions
corresponding to the various types o f secondary structure. Assignment o f a unique
absorption band to a certain structural group can be difficult, owing to extensive band
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overlapping. CD makes use o f chirality to provide moderate-resolution structural
information on proteins and peptides. The peptide bond absorbs strongly at wavelengths
below 240 nm, and the character o f absorbance depends substantially on conformation
[184,185]. CD thus can provide information on secondary structure content o f a
polypeptide film and can be used to monitor changes in molecular structure on
perturbation o f environment.
In addition to previously mentioned assumptions for CD deconvolution, here we have
made the additional assumption that PAH and PSS make no direct contribution to the CD
signal; neither polymer is chiral, and the CD spectrum o f a PAH/PSS multilayer film is
not substantially different from that o f unmodified quartz plate. We have also assumed
that the absorption o f side chains is insignificant in the far-UV region o f the spectrum.
This assumption is not very important in the present context, however, given the low
percentage content o f aromatic groups in the peptides, the low probability that they will
be in a substantially asymmetrical environment in the film, as required to contribute to
the CD signal, and the focus on the far-UV region o f the spectrum. Film spectra thus
were deemed to consist o f polypeptide backbone contributions alone. O f course, this
perspective hardly entails that deposition o f PAH/PSS will not alter the structure o f a
polypeptide film.
5.4.2.2 Commercial Polypeptide Films
(PLL/PLGA)„ films formed at neutral pH (Figures 5.6 and 5.7) contain a large
amount o f (3 sheet, (3 turn, and random coil but only a small amount o f a helix (Figure
5.11), in agreement with previous studies [56,80,81], PLL and PLGA are weak
polyelectrolytes, so charge density can vary substantially with pH. At neutral pH both
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polypeptides are relatively highly charged, enabling strong attractive electrostatic
interactions between adjacent layers and strong repulsive electrostatic interactions within
a layer. This combination o f interactions can induce secondary structure and stabilize it.
The more globally organized (3 sheet appears to be favored over the more locally
organized a helix under the conditions studied here. It might be that the huge variety of
possible fully hydrogen-bonded /3 strands will provide greater entropic stability to (3
structure than a helices in the film.
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Figure 5.11 Secondary structure content o f PLL/PLGA multilayers, before and after
deposition o f PAH and PSS. The data were obtained by deconvolution o f the CD spectra
in Figures 5.7a and 5.7c with the program CONTINLL. (Open bars) (PLL/PLGA)io;
(hatched bars) (PLL/PLGA)10/(PAH/PSS)i. (a) PLL (14.6 kDa) and PLGA (13.6 kDa); (b)
PLL (84.0 kDa) and PLGA (84.6 kDa). The residuals o f fitting are substantially smaller
in magnitude than the fitted values. For example, see Figure 4.14d.

Deconvolution o f CD

spectra suggests that deposition o f (PAH/PSS)i

on

(PLL/PLGA)„ results in an increase in the percentage o f a helix in the film at the expense
o f random coil (Figure 5.11). The change in relative content o f (3 structure is small. This
conflicts to come degree with the work o f Boulmedais et al. [65,80], who have reported
that, during film preparation o f (PLGA/PAH)„, the percentage o f a helix switches
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between a low value when the film is in contact with a PAH solution and a high value
when it is in contact with a PLGA solution and that deposition o f (PSS/PAH )2 on
(PLGA/PLL)„ destroys /5 sheet structure throughout the film. Structure was analyzed by
FTIR. By contrast, the present analysis by CD would suggest that only a small amount of
a helix was present at any step o f the film assembly process and that only a small fraction
o f /3 structure Was lost on perturbation by PSS/PAH, but that the distribution o f secondary
structure changed on perturbation. Boulmedais et al. [80] have reported an increase in
film thickness and mass also on deposition o f (PSS/PAH )2 on (PLGA/PLL)g. Our
experiments, however, indicate a loss o f mass in some cases but not in others. When mass
loss did occur, presumably it was due to resolubilization o f PLGA on deposition o f PSS
or formation o f a soluble complex involving material from the film and from the solution.
Analysis by QCM has shown that growth o f (PLL/PLGA),, films was nonlinear
(Figure 5.8), consistent with previous findings [56,64-67]. Each PLL adsorption step
involved the interaction o f newly adsorbed chains with PLGA on the film surface and,
possibly, the diffusion of PLL into the film to overcompensate the negative charge o f the
surface layer. The same applies to each PLGA adsorption step. CD suggests that
deposition o f (PAH/PSS)i on (PLL/PLGA)„ involved the diffusion o f PAH and/or PSS
chains into the film. In any case, the result was disruption o f secondary structure.
Assuming inward diffusion of the nonpolypeptide polymers, it was driven in part by an
increase in entropy, as the mixing o f PAH and PSS with PLL and PLGA will decrease
film order.
(PLL/PLGA)„, though rich in secondary structure, is apparently not so dense or
rigidly hydrogen-bonded that PAH and PSS cannot disrupt its structure. Individual
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electrostatic interactions between PLL residues and PLGA residues and any existing
secondary structure will be weakened by thermal fluctuations, dielectric properties o f
water, the presence o f highly mobile counterions, and the inward diffusion o f PSS and
PAH. The rate and overall extent o f polyion exchange, assuming it occurs, will be
influenced by polymer length, thermostability o f secondary structures, and the density o f
the polypeptide film. Even in cases where polyion exchange goes to equilibrium very
slowly, the process will provide a mechanism for rearrangement o f secondary structure in
the film and, probably, loss o f deposited polypeptides. Deposition o f PAH/PSS thus can
serve as a useful probe o f the strength o f a polypeptide multilayer film and its
susceptibility to environmental perturbation.
PAH is more similar to PLL than PSS is to PLGA with regard to dependence o f linear
charge density on pH. Exchange between PAH and PLL therefore is expected to lead to
smaller changes in film structure than exchange between PSS and PLGA. Figures 5.6b
and 5.6c are consistent with this conclusion. PSS chains will also influence the extent o f
proton dissociation in a polypeptide film, changing the local network o f electrostatic
interactions and shifting pKas even further from solution values.
Polymer length and degree o f similarity o f length between oppositely charged
polypeptides would appear to have some bearing on the response o f a polypeptide film to
environmental perturbation by PAH/PSS (Figure 5.7). When the average molecular
weight o f PLL and PLGA was small (Figure 5.7a) or about the same (Figure 5.7c),
(PLL/PLGA)„ structure changed little on deposition o f (PAH/PSS)i. By contrast, when
the molecular weight o f the polypeptides was rather different, there was a relatively large
change in secondary structure content on perturbation (Figures 5.7b and 5.7d).
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Deposition o f (PAH/PSS)] resulted in mass loss in some instances (Figure 5.8a). For
instance, the overall film frequency shift decreased by about 25% after deposition o f a
PAH layer on (PLL/PLGA) 13 when the average molecular mass o f the polypeptides was
ca. 14 kDa. This may be attributable to the leaching o f polypeptide into solution in the
presence o f the nonpolypeptide polyions. In other cases an increase in film mass was
found, similar to the results o f Boulmedais et al. [80]. Figure 5.8b shows that frequency
shift increased by nearly 20% on deposition o f PAH on (PLL/PLGA)g when the average
molecular mass was ca. 84 kDa. In the corresponding UV experiment, however, only a
small increase in photon absorption was evident. The apparent discrepancy can possibly
be attributed to the well-known dependence o f extinction coefficient on polypeptide
backbone conformation [184,185]. It could also be that differences in surface roughness
between the quartz resonator and the quartz slide have some bearing on the comparison.
5.4.2.3 Designed Polypeptide Films
Mass deposition o f P5 and N5 was remarkably linear, as found previously [116].
Weak polyelectrolytes as well as strong ones can exhibit linear growth. Moreover, the
data show that linear versus nonlinear growth is not merely a matter o f ionic strength o f
solution; PLL/PLGA and P5/N5 were assembled under identical conditions. This is
consistent with the finding in previous chapter. Polymer size therefore could play a role
in the design and engineering o f polypeptide multilayer films. Figures 5.9 and 5.10 show
that secondary structure content o f the P5/N5 films, whether cross-linked or not, was
perturbed little on deposition o f PAH and PSS. The obvious difference in behavior with
respect to the PLL/PLGA films must ultimately be due to differences in chemical
structure o f the peptides.
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5.4.2.4 Physical Basis o f Polypeptide
Film Stability
The data suggest that polymer size and structure influences the response o f
polypeptide film structure and stability to environmental perturbation. Table 5.1
compares physical properties o f PLL, PLGA, P5, and N5. The average degree o f
polymerization o f PLL and PLGA ranged from 105 to 1740 in these experiments, while
P5 and N5 were 32mers. Polydispersity and charge per unit length also could be relevant
to film assembly and stability. PLL and PLGA, homopolymers prepared by solutionphase synthesis, were polydisperse, and the charge density was about 1 per monomer at
neutral pH. By contrast, P5 and N5 were heteropolymers o f the same degree o f
polymerization, and the charge density was about 0.5 at neutral pH. Amino acid coupling
in solid-phase synthesis was lower than 100% at some steps o f the process, but the final
products had a narrow range o f dispersity. Matching o f the size o f oppositely charged
polyelectrolytes could influence the order and stability o f a multilayer film, determining
to some extent the role o f counterions in the film. The degree o f match in size will not
precisely be reflected by average degree o f polymerization o f polypeptides prepared by
solution-phase synthesis, as the degree o f polydispersity could be quite different for the
same average contour length.
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Table 5.1 Degree o f polymerization o f polypeptides studied here.
Pair

Norminal MW
(kDa)
14.6
13.6
48.1
50.3
84.0
84.6
222.4
97.8
3.6
3.6

Polypeptide
PLL
PLGA
PLL
PLGA
PLL
PLGA
PLL
PLGA
P5
N5

1
2
3
4
5

(a)

Percentage
difference

Norminal DP
114
105
376
390
656
655
1740
758
32
32

9
4
<1
130
0

(b)
A ? ^ A /A /A /A //V A ? A /

ft

ft

X
A /A //V /V A /A /A /A /A /
Figure 5.12 Schematic representation o f the response o f polypeptide multilayer films to
deposition o f PAH and PSS. (a) PLL and PLGA; (b) P5 and N5. Symbols are as follows:
boldface wavy lines indicate P5/N5 chains, corkscrew shapes are PLL/PLGA chains, and
lightface wavy lines are PAH/PSS chains. Destruction o f PLL/PLGA multilayers by
deposition o f PAH and PSS suggests a relatively loose film structure, enabling PAH/PSS
to diffuse into the film and perturb film structure. By contrast, P5/N5 multilayers resisted
perturbation by PAH and PSS, suggesting that the film is dense and crystallike and that
PAH and PSS do not diffuse in.

The present work, Li et al. [82,115,116], and Zhong et al. [102,223] appear to
indicate that small, designed polypeptides o f uniform chain length and intermediate
charge per unit length can self-assemble at low ionic strength into organized, stable, and
apparently dense multilayer films (compare [88]). Such films are both similar to and
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different from PLL/PLGA films. A schematic representation o f the response o f
polypeptide multilayers to deposition o f PAH and PSS is given in Figure 5.12. The P5/N5
film data are consistent with a model in which the molecules self-assemble into a firmly
fixed network o f interactions, possibly similar in some respects to the core o f a folded
globular protein, providing considerable resistance to environmental perturbation. This
interpretation is consistent with our finding that such films are stable under a variety o f
extreme conditions, for example, dehydration, extreme heating or cooling when
dehydrated, heating when hydrated, and immersion in aqueous solution for an extended
period o f time or in an organic solvent [82]. It would appear, then, that the structure and
stability o f P5/N5 films inhibits the inward migration o f PAH and PSS chains, limiting
polyion exchange. O f course some such diffusion and exchange will necessarily occur
because o f the requirement for entropy to increase, but apparently to a much smaller
extent than in PLL/PLGA films because o f favorable enthalpic interactions between P5
andN5.
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Table 5.2 The hydrophobicity/hydrophilicity o f polypeptides, (a) Accessible surface
areas [214] and hydropathy scales [210] o f amino acid residues, (b) Average accessible
surface areas and hydropathy scales o f polypeptides.

(a)__
Amino
acid
residue
Cys
Glu
Gly
Lys
Tyr
Val

(A2)

Main-chain
atoms (A2)

140
183
85
211
229
160

36
45
85
44
42
43

Total

Total

(A2)
104
138
-

167
187
117

Side-chain atoms
Nonpolar Polar Fraction
(A2)
(A2) nonpolar
0.34
35
69
0.44
61
77
0.71
48
119
144
43
0.77
117
1.00

Hydropathy
index
2.5
-3.5
-0 .4
-3.9
-1.3
4.2

(b)
Polypeptide
PLL
PLGA
P5
N5

Side-chain atoms (average)
Total Nonpolar Polar Fraction
(A2)
(A2)
(A2) nonpolar
0.71
167
119
48
0.44
138
61
77
94
34
128
0.73
113
65
48
0.57

Average
hydropathy
-3.9
-3.5
-0.8
-0 .6

Amino acid composition differs significantly between PLL, PLGA, and P5, N5. The
relative proportions o f hydrophobic and hydrophilic surface areas are different. Table 5.2
shows the accessible surface areas and hydropathy values o f the amino acid residues in
the peptides studied here. Like in previous study, hydrophobicity and hydrophilicity can
be quantified as the accessible nonpolar and polar surface areas o f the extended
polypeptide chain. The positively charged polypeptides, when fully extended, have a
substantially larger fraction o f nonpolar accessible surface area than the negatively
charged polypeptides. PLL and PLGA have much lower hydropathy values than P5 and
N5 due to differences in charge density; P5 and N5 are more hydrophobic than PLL and
PLGA. This suggests that if electrostatic interactions play the most significant role in
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polypeptide multilayer film formation and stability, hydrophobic interactions will still
play a role and charge per unit length and chain length will affect film density.

5.5 Summary
The structural stability o f polypeptide multilayer films has been probed by two
environmental perturbations. And CD has proven the most convenient and sensitive
technique to monitor secondary structure change in these films although UV and FTIR
are also able to provide useful information o f film structural change.
Polypeptide multilayer films made o f high molecular weight homopolypeptides (PLL
and PLGA) display differences in internal structure from films made o f low molecular
weight heteropolypeptides (alternating designed polypeptides). Though there is evidence
o f some structural reorganization on drying and rehydration, the behavior o f these two
films is qualitatively the same. Dry and wet films show similarities and differences in
secondary structure. Both show a large percentage o f /3 sheet and random coil structure
but relatively little a helix. Hydrated films tend to be more ordered than dry films. Longer
j3 sheets with fewer /3 turns are more likely in a wet film; shorter /3 sheets with more /3
turns are more likely in dry film.
Polypeptide multilayer films have also been formed from long PLL and PLGA with
different molecular weights as well as short cysteine-containing designed polypeptides.
Weak polyelectrolytes as well as strong ones can exhibit linear growth at relatively low
ionic strength, depending on polym er structure. Gain or loss o f deposited m ass occurs on

deposition o f a PAH/PSS bilayer, the response varying with the polypeptides used to
construct the multilayer. PAH and PSS chains would appear to diffuse into (PLL/PLGA)„,
resulting in rearrangement o f polymer chains and/or replacement o f PLGA by PSS. By
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contrast, the relative content o f (3 structure, which is energetically favorable than o:
structure and generally more abundant in polypeptide multilayer films, would appear to
change little. The degree o f structural change on perturbation depends on polymer
molecular weight, polymer primary structure, and degree o f polydispersity. Films built o f
designed polypeptides resist perturbation by deposition o f PAH and PSS. The amount o f
adsorbed material and the secondary structure content o f these films remained almost
unchanged on deposition o f the nonpolypeptide polymers, regardless o f chemical crosslinking. The apparent reason is that the designed polypeptides are much smaller and more
hydrophobic than PLL and PLGA and therefore assemble into more dense and more
stable multilayers.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 6

POLYPEPTIDE MICROCAPSULES:
RELEASE BEHAVIOR OF
MODEL ENCAPSULANT

6.1 Introduction
Controlled drug release is a great concern in medicine and the pharmaceutical
industry today [150,265-269]. Encapsulation is the fabrication o f a coating surrounding
an object or material o f interest. A semi-permeable encapsulating membrane can
selectively take up or release a compound o f interest. One method o f encapsulation
involves aggregation o f amphiphilic lipid molecules or block copolymers into vesicular
structures such as liposomes or polymer micelles [16]. Another involves emulsion
polymerization and/or phase separation [17]. The simplest approach to sustained drug
release is encapsulation o f drug microcrystals. Recently, encapsulation o f microcrystals
o f various substances by LBL using different polyelectrolytes and/or biomacromolecules
for controlled release has received substantial attention (for reviews, see [18,19]; for
examples, see [144,145,147,151-157]).
There are two general modes o f controlled drug release from multilayer structures
prepared by LBL: “interior” and “exterior”. In the former, the diffusion barrier is changed
by varying the number o f adsorption layers and thus the thickness/mass density o f the
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polyelectrolyte microcapsule membrane. Increasing the number o f layers, however, will
also increase both the amount o f drug lost in usual approaches to capsule fabrication and
the duration o f the fabrication process. Control over release rate by this approach has
limited effectiveness. In the exterior mode, the driving force for release depends on
properties o f the surrounding dissolution medium, for example, dielectric constant, pH, or
ionic strength. Regulation o f release by control over polyelectrolyte microcapsule
architecture or the structure o f the film material itself, by contrast, the approach explored
in the present work, has been studied comparatively little.
Until now, the most widely used polyelectrolytes for LBL-based drug encapsulation
have been PSS, PAH, and other synthetic organic polyelectrolytes. PSS is readily
available and useful for precharging diverse crystals. The polymer, however, is neither
biocompatible nor biodegradable, limiting its utility in biology, pharmacology, medicine,
and other biomedical areas [158.159]. There has therefore been increasing interest in
“natural” polyelectrolytes. Nevertheless, relatively few different biomacromolecules have
been applied to drug encapsulation by LBL [152,155-157].
The hypothesis o f the present study was that control o f peptide film properties
through control o f peptide structure and film architecture will enable control over drug
release. Polypeptides, which are inherently biocompatible and biodegradable, have been
used to encapsulate microcrystals o f pyrene, a water-insoluble but ethanol-soluble
fluorescent dye (Figure 6.1). Release o f pyrene from encapsulating polypeptide films was
induced by exposure to ethanol/water and quantified by fluorescence intensity (Figure
6.2). Microcapsules made o f polypeptides o f different structure have been found to have
different effects on pyrene release. Second-order time constants have been found to vary
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by a factor o f 6 under defined conditions, depending on polypeptide structure, film
architecture, and the interplay o f non-covalent interactions within microcapsules.

Precoating
by ultrasonication
Precharged
pyrene m icrocrystal

Pyrene core crystal

E ncapsulation
by LBL

Ik'. J

i t

•

Release by exposure
to ethanol solution

Polypeptide encapsulated
pyrene m icrocrystal

j j | Pyrene crystals

'2 T * P rccoating m aterials

Pyrene m icrocrystal
in the process o f dissolution
^

Oppositely charged polypeptides

Figure 6.1 Schematic illustration o f pyrene microcrystal precoating, encapsulation within
a multilayer film, and release. Some decrease in crystal size occurs during sonication.
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Figure 6.2 Release kinetics o f PSS-precoated pyrene microcrystals on exposure to
ethanol solution, monitored by fluorescence intensity. The error bar o f each sample
represents the standard deviation o f four identical samples. In curve fitting each point was
weighted inversely with respect to the square o f error bar magnitude. The inset shows the
structure o f pyrene (202 Da, Aldrich, USA) which is a polycyclic aromatic hydrocarbon
composed o f four fused benzene rings.

6.2 Experimental Design
6.2.1 Materials
Pyrene was from Aldrich (USA). PSS (70 kDa, Aldrich, USA) was used for crystal
precoating. PLL (13.8 kDa, Sigma, USA), PLGA (14.5 kDa, Sigma, USA), and eight
designed polypeptides, namely P I, N l, P2, N2, P3, N3, P4, and N4, were used for
microcapsule fabrication. Molecular weight (MW), degree o f polymerization (DP), and
average hydrophobicity/hydropathy o f all the polymers are displayed in Table 6.1 (for
details, see Tables 4.1, 5.1, and 5.2). The dissolution medium was a mixture o f reagent
alcohol (~90% ethanol, 5% methanol and 5% isopropanol, Sigma, USA) and ultrapure
(18.2 Mfl -cm) deionized water.
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Table 6.1 Physical properties o f the polypeptides studied here. Average hydrophobicity
is defined as average fraction o f nonpolar accessible surface area o f side chains [11].
Polypeptide
structures
PLL
PLGA
PI
N1
P2
N2
P3
N3
P4
N4

Norminal M W
(kDa)
13.8
14.5
4.2
4.2
3.7
3.7
3.6
3.8
2.8
2.8

Norminal DP
108
112
32
32
32
32
32
32
24
24

Average
hydrophobicity
0.71
0.44
0.71
0.46
0.82
0.69
0.76
0.57
0.82
0.69

Average
hydropathy
-3.9
-3.5
-3.8
-3.4
0.0
0.2
-1.1
-1.5
-0.1
0.1

6.2.2 Encapsulation o f Pyrene
Microcrvstals
A schematic illustration o f pyrene precoating, encapsulation, and release is shown in
Figure 6.1. PSS solutions and synthetic polypeptides solutions were prepared by
dissolving lyophilized polymer in Tris buffer (10 mM Tris, 10 mM NaCl, pH 7.4). In
each release experiment, 6 mg o f pyrene crystals were mixed thoroughly with 1.2 mL 6
mg/mL buffered solution o f precoating material and ultrasonicated for 90 min
(Aquasonic Model 75D, VWR Scientific Products, USA). The resulting microcrystals
were washed once by deionized water with gentle shaking and collected by centrifugation.
Final particle size was in the range 1-20 /xm; the mean particle size was about 5 pirn
(Figure 6.3).
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10

Figure 6.3 Brightfield image o f PSS-precoated pyrene microcrystals acquired with a
Canon PowerShot A620 digital camera coupled to an Accu-Scope 3031 Inverted
Microscope (USA).

Two oppositely charged polypeptides were deposited onto pyrene microcrystals in
successive adsorption steps (Figure 6.1). In detail, 6 mg precoated pyrene microcrystals
were thoroughly mixed with 0.3 mL 2 mg/mL polypeptide solution; peptides adsorbed
onto crystals under gentle shaking for 15 min. Coated pyrene microcrystals were
separated from the polypeptide solution by centrifugation in a Beckman Coulter
Microfuge 22R microcentrifuge (USA) at 2000 x g for 5 min. Then the microcrystals
were rinsed once by deionized water with gentle shaking followed by centrifugation to
remove excess polypeptide. The process was repeated until the desired number o f layers
was deposited.
6.2.3 Pyrene Release
Release o f encapsulated model drug was studied in different liquid media (Figure 6.1).
Spectra/Por® regenerated cellulose dialysis membrane with MWCO o f 6,000-8,000
(Spectrum Laboratories, USA) was used for comparison o f dissolution media: 60%, 30%,
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and 10% ethanol/water. PSS/(PLL/PLGA)8 coated pyrene microcrystals were suspended
in 1 mL deionized water, and 0.15 mL suspension was added to each dialysis membrane
containing 2 mL water. Then the dialysis membrane was sealed and placed in a bottle
containing 200 mL dissolution medium. The bottle was sealed and capped, wrapped with
aluminum foil to minimize photobleaching, and stirred at a constant rate during the active
release process. At each time point, 1 mL sample was withdrawn from the bottle and
dispensed into a microcentrifuge tube, and 1 mL dissolution medium was added
immediately to the bottle. All samples were wrapped with aluminum foil until final
measurement o f fluorescence intensity by Molecular Devices SPECTRAmax® GEMINI
XS microplate spectrofluorometer (USA).
In other studies, 0.9 mL ethanol/water was dispensed into 1.5-mL microcentrifuge
tubes, each tube corresponding to a time point on the release curve. Coated pyrene
microcrystals were suspended in 3 mL deionized water, and 0.1 mL suspension was
added to each microcentrifuge tube. The final alcohol concentration was 60%. The
contents o f each tube were centrifuged after the corresponding time elapsed, and 0.02 mL
supernatant was diluted with 0.98 mL reagent alcohol for assay o f fluorescence intensity.
The excitation and emission wavelengths were 340 nm and 394 nm, respectively [270].
Fluorescence intensity in arbitrary units was plotted against time in min.

6.3 Results
6.3.1 Influence o f Polypeptide

Microcapsule
Composition
Qiu et al. [153] have described polyelectrolyte multilayers as a type o f non-covalently
cross-linked network. On this view, permeability o f a film to ibuprofen is determined by
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the density o f cross-links and size o f “defects”. High linear charge density o f individual
polyelectrolyte molecules and well-matched charge interactions between oppositely
charged polyelectrolyte molecules together yield relatively small film cavities in the
multilayer microcapsule membrane and therefore low ibuprofen permeability. The
kinetics o f ibuprofen release from polysaccharide multilayers has been found to be very
similar for different polysaccharide pairs [152],
We have found in previous study o f polypeptide multilayer films that electrostatic
interactions, hydrophobic interactions, and hydrogen bonding can influence polymer
adsorption, film stability, and film density [205,207]. Amino acid sequence and noncovalent interactions between oppositely-charged polypeptides together determine the
internal structure and other physical properties o f multilayer films [207], as well as
degree o f polymerization and polydispersity. The most important conclusion o f previous
two chapters is that film secondary structure content, mass deposition, thickness, density,
surface morphology, and stability depend substantially on polypeptide structure and film
architecture.
Here, ten different polypeptide structures have been used to fabricate films o f
different architecture on pyrene microcrystals for study o f release. Key physical and
chemical properties o f all the polypeptides and their specific role in the assembly and
stability o f multilayer films have been thoroughly studied, laying the foundation for
microcapsule application For control experiments, PSS-precoated pyrene microcrystals
were dissolved in the release medium (Figure 6.2). Linear charge density, hydrophobicity,
and hydrogen bonding potential o f the encapsulating peptides were used to analyze
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release data. Non-linear least-square fitting parameters for the various polypeptide
microcapsule architectures and precoating materials are shown in Table 6.2.

Table 6.2 Summary o f curve fitting parameters for various polypeptide microcapsule
compositions and precoating materials. Because there are two phases in pyrene release
kinetics, a second-order exponential model was used for curve fitting: y = yO + 4 1exp(x/t 1) + A2exp(-x/t2), where y is the real fluorescence intensity o f pyrene, x is the release
time, yO estimates the maximum fluorescence intensity o f pyrene, tl and t2 are time
constants o f two release phases, A l and A 2 evaluate their relative contribution to pyrene
release. Average hydrophobicity/hydropathy o f polypeptide microcapsules was calculated
using average values o f coupled polypeptides (Table 6.1). Taking into account the
requirement o f charge neutralization, the architecture o f multilayer films may differ from
each other depending on the match degree o f charge density o f paired polypeptides: the
ratio of two oppositely charged polypeptide molecules is 1:1 in matched pairs and 1:2 (or
2:1) in mismatched pairs (Figure 4.9a, [207]).
Tirve fitting parameters
Polypeptide
microcapsule
Al
tl
| A2
tl
yO
composition
(% ) (min) | (%) (min)
1. Polypeptide microcapsu e compositions
65
440
72
1.7
28
PSS
90
PSS/(PLL/PLGA)8 730
22
1.5
79
2.4
980
10
89
319
PSS/(PLL/N2)8
84
550
16
1.8
106
PSS/(PLL/N3)8
85
282
PSS/(P2/PLGA)8
750
16
3.5
2.7
84
188
PSS/(P2/N2)8
1200
16
34
3.2
65
89
1110
PSS/(P2/N3)8
3.9
83
297
PSS/(P3/PLGA)8
2550
17
4.1
145
2030
24
76
PSS/(P3/N2)8
36
3.0
63
135
690
PSS/(P3/N3)8
2. Precoating materials
92
1.2
165
PSS/(P4/PLG A)8
610
9
344
680
9
3.9
91
N4/(P4/PLGA)8
1.1
90
209
P4/(PLGA/P4)8
500
10
203
P2/(PLGA/P4)8
610
13
3.0
88

Average
hydro
phobicity

Average
hydro
pathy

0.58
0.70
0.62
0.69
0.76
0.70
0.65
0.73
0.67

-3.7
-1.2
-2.3
-1.2
0.1
-0.8
-1.9
-0.5
-1.3

0.69
0.69
0.69
0.69

-1.2
-1.2
-1.2
-1.2

-

6.3.1.1 Matched Polypeptide Pairs
Here, “matched” means no difference in |A| between coupled peptides. Pyrene release
data for three different film architectures involving polypeptides o f matched |A| are shown
in Figure 6.4. The data sets represent three types o f release kinetics (see below). The slow
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time constant increases from 90 min for PSS/(PLL/PLGA)g to 135 min for PSS/(P3/N3)8
to 188 min for PSS/(P2/N2)8 (Table 6.2). It is known from previous study o f polypeptide
multilayer films that the mass deposited in 16 layers is about twice as much for (P1/N1)8
as for (P3/N3)8 but about half as much for (P1/N1)8 as for (P2/N2)8 (Figure 4.4a); the
density o f P2/N2 is about three-fourths that o f P3/N3 but about 6-fold less that o f P l/N l
(Figure 4.17c). PLL and PLGA are similar to PI and N1 in terms o f |A| but different with
regard to DP and polydispersity. PLL and PLGA are larger, more polydisperse and less
matched in size than PI and N 1. Mass deposition is therefore larger but density is smaller
in PLL/PLGA than P l/N l ([56]; see Chapter 5). This analysis would suggest that
polypeptide microcapsules with more deposited mass will tend to prolong pyrene release
to a greater extent (Figures 6.5a and 6.5b), despite lower density (Figure 6.5c) and
apparently contrary to the view that film permeability is controlled by cross-linking
density and film cavity size [153].
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The apparent discrepancy in mechanism suggests that non-covalent interactions
within polypeptide microcapsules might be relevant to the release process. In
PSS/(PLL/PLGA)g, a large number o f electrostatic “cross-links” are formed during film
assembly; both PLL and PLGA are highly charged. Strong interlayer charge attraction,
however, is accompanied by strong intralayer charge repulsion, resulting in self-limiting
mass deposition and relatively dense ultrathin layers [20]. In PSS/(P2/N2)g, hydrophobic
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interactions play an important role in film formation [207]; half o f the residues are
hydrophobic in each polypeptide. The hydrophobicity o f P2 and N2 will influence
polypeptide deposition [207], and it could promote the formation o f loop or tail structures
on the film surface and induce non-self-limiting mass deposition (see Chapter 4). In any
case, these polypeptides aggregate in solution, forming fibrils containing a substantial
amount o f /? sheet structure [216,217]. Multilayer films made o f the same peptides also
display a large percentage o f /3 sheet structure after a certain number o f layers ([207]; see
Chapter 4). P3 and N3, by contrast, have one-fourth serine and asparagine residues,
respectively, enabling the formation o f side-chain hydrogen bonds. Since the hydrogen
bonding potential o f donors and acceptors must be satisfied within a polypeptide
multilayer film, a more extensively intertwined hydrogen bonding network is expected in
PSS/(P3/N3)8 than the other capsule architectures. The hydrophobic valine residues in P3
and N3 will make hydrophobic interactions relevant as well.
In summary, PSS/(PLL/PLGA)8 and PSS/(P2/N2)s are respectively hydrophilic and
hydrophobic within the microcapsule wall, while PSS/(P3/N3)s has a more extensive
hydrogen bonding network. There are four fused benzene rings in pyrene which give rise
to limited solubility in aqueous solvent and fluorescence (inset, Figure 6.2). The data
presented here suggest that pyrene release tends to be retarded by hydrophobic groups
within polypeptide microcapsules (Figure 6.5d). The formation o f hydrogen bonding
network probably has some complicated effect on pyrene release (discussed below).
6.3.1.2 Mismatched Polypeptide Pairs
Figure 6.6 shows pyrene release kinetics o f PSS/(PLL/N2)8 and PSS/(P2/PLGA)s.
Fluorescence intensity increased approximately linearly in the slow stage o f release, but
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release was incomplete in the time interval studied. The large fitted time constants are
comparable to each other but much larger than for the “matched” polypeptide pairs
(Table 6.2). PLL and PLGA differ from P2 and N2 in linear charge density and
hydrophobicity. The mass deposition o f hydrophobic polypeptides (P2 or N2) will be
relatively large in comparison to highly charged peptides (PLGA or PLL) when coupled
together due to the requirement o f charge neutrality within polypeptide microcapsules
[205,207]. Different from matched polypeptide pairs, (Pl/N2)g and (P2/Nl)g respectively
exhibit supralinear and exponential growth, mass deposition is comparatively large, and
internal secondary structure is dominated by /3 sheet (see Chapter 4). The membranes o f
the PSS/(PLL/N2)g and PSS/(P2/PLGA)g capsules studied here are therefore assumed to
be relatively thick and dense; a large number o f hydrophobic groups will be present and
peptide chains will be relatively well-ordered. These polypeptide microcapsules present a
“sticky” diffusion barrier for pyrene release.

800

600

700
i 500

to 600

T5 400

500

-

.£ 400
S 300

■

300

o 200

PSS/(PLL/N 2)(
Fitting curve

£ 200

■

PSS /(P2/P L G A )t

—

Fitting cu rv e

a 100
E 100

0

50

100

150

200

Tim e, m in

250

300

350

400

0

50

100

150

200

250

300

350

400

Tim e, m in

Figure 6.6 Pyrene release from “mismatched” capsule architectures containing P2 or N2:
PSS/(PLL/N2)8 and PSS/(P2/PLGA)8.
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The release behavior o f PSS/(PLL/N3)8, PSS/(P3/PLGA)8, PSS/(P2/N3)8, and
PSS/(P3/N2)8 is shown in Figure 6.7. There are observable differences in the kinetics o f
P3-containing microcapsules and N3 ones. In general, the slow time constants o f the
former are comparatively large: 297 min for PSS/(P3/PLGA)8 > 145 min for
PSS/(P3/N2)8 > 106 min for PSS/(PLL/N3)8 > 89 min for PSS/(P2/N3)8 (Table 6.2). In
an earlier study we found that mass deposition followed the order (P3/N2)8 < (P3/N1)8 ~
(P1/N3)8 < (P2/N3)8 (Figure 4.4a), and density was just the opposite P3/N2 < P3/N1 =
P2/N3 < P1/N3 (Figure 4.17c). It seems, then, that polypeptide microcapsules with
comparatively small deposited mass and low density can nevertheless prolong pyrene
release.
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Figure 6.7 Pyrene release from “mismatched” capsule architectures containing P3 or N3:
PSS/(PLL/N3)g, PSS/(P3/PLGA)8, PSS/(P2/N3)8, and PSS/(P3/N2)8.

The data suggest that hydrogen bonding within the polypeptide microcapsules will
have a complicated impact on the release o f a hydrophobic compound. Pyrene is
insoluble in water, but its aromatic rings can act as atypical hydrogen bond acceptors and
interact with donors to form ir-hydrogen bonds [271-273], The strength o f this
energetically attractive contact is weaker than a classical hydrogen bond but comparable

to a hydrophobic interaction [274], When dissolved pyrene molecules diffuse through a
polypeptide microcapsule, they could form transient 7r-hydrogen bonds with donors,
retarding pyrene release.
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6.3.2 Precoating o f Uncharged
Pyrene Microcrystals
Caruso et al. [144] have used ionic surfactants, phospholipids, and the amphipathic
charged polymer PSS to precoat uncharged microcrystals o f low molecular weight
fluorescent dyes. Similarly, Dai et al. [146] have found PSS suitable for precoating
microcrystals o f various fluorescent compounds, including water-soluble, poorly watersoluble, negatively charged, positively charged, and uncharged dyes. Shi and Caruso [145]
have studied the influence o f the preadsorbed amphiphilic layer on pyrene release from
polyelectrolyte microcapsules. It was found that pyrene microcrystals precoated by PSS,
SDS, or dipalmitoyl-DL-a-phosphatidylcholine (DPPC) differed not only in release
kinetics but also in the maximum release time, depending on the configuration, structure,
and density o f the first layer.
Successful dispersion and stabilization o f hydrophobic microcrystals will depend on
hydrophobic interactions with amphiphiles [144]. PSS is amphiphilic by virtue o f a
hydrophobic aromatic group and a charged sulfonate group in each side chain.
Amphiphilicity enables polymer adsorption and results in charging o f hydrophobic
microcrystals. Microcrystal aggregation is hindered by electrostatic repulsion between
polymers or lack o f steric complementarity (Figure 6.8). The large volume o f the side
chain in PSS suggests that steric hindrance influences adsorption o f this polymer.
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F recoating by PSS

Precoating by designed polypeptide

Pyrene m icrocrystals

P4 o r P2

Figure 6.8 Illustration o f mechanisms o f precoating pyrene microcrystals.

Figure 6.9 shows pyrene release from (P4/PLGA)g or (PLGA/P4)g precoated with
negatively charged PSS or N4 or with positively charged P4 or P2. Attempts to use
PLGA to precoat pyrene microcrystals were unsuccessful: the crystals could not be
readily dispersed and stabilized. The amphiphilic polypeptide, by contrast, efficiently
precoated pyrene microcrystals and proved useful for initiating LBL. The slow time
constants were 165 min for PSS/(P4/PLGA)8 < 203 min for P2/(PLGA/P4)8 =209 min
for P4/(PLGA/P4)8 < 344 min for N4/(P4/PLGA)8 (Table 6.2).
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Figure 6.9 Influence o f precoating material on pyrene release. Pyrene microcrystals were
precoated by PSS, N4, P4 or P2. The molecular structure o f the corresponding precoating
polymer is shown in each case.

It is known from previous studies that P2 and N2 form /3 sheet-containing fibrils in
aqueous solution [216,217] and that peptides form /3 sheet structures in multilayer films
[56,80,81,116]. Successive amino acid side chains in a (3 strand point above and below
the plane o f j3 sheet: one “side” o f the molecule is hydrophobic, the other charged ([207];
see Chapter 4). According to the model developed in Haynie et al. [207] (Figure 4.7), the
hydrophobic side o f P2, P4 or N4 will adsorb onto a pyrene microcrystal and the
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hydrophilic side will remain in contact with the surrounding aqueous medium, precoating
the crystal regardless o f the sign o f charge (Figure 6.8).
Experimental data, however, suggest that N4 is apparently more efficient in
precoating pyrene microcrystals than P4 or P2. The fully charged “side” o f the N4
molecule is rich in glutamic acid, the hydrophobicity o f which is lower than that o f lysine
(P4 or P2). This hydrophilic “side” o f N4 also has hydrogen bond acceptors: the carbonyl
oxygen o f charged glutamic acid. N4 may therefore provide a higher surface charge
density and induce greater mass deposition o f subsequently deposited polypeptide
multilayers. Since the sequence o f polypeptide adsorption after precoating is determined
by the sign o f charge o f the first layer, the overall hydrophobicity o f the first few layers is
higher in the case o f N4. A comparatively large diffusion barrier close to the
encapsulated microcrystal will tend to retard the process o f release.
6.3.3 Influence o f Dissolution Medium
Shi et al. [145] have reported a dependence o f pyrene release behavior on the ratio o f
ethanol/water in the dissolution medium for microcrystals precoated with SDS or DPPC
but not PSS. The same authors have also reported a lower release rate in 100% ethanol
than 80% ethanol/water. The behavior was explained as arising from a delicate interplay
between pyrene dissolution rate and effect o f solvent on the precoating and encapsulating
multilayer film.
The release kinetics o f PSS/(PLL/PLGA)8-coated pyrene microcrystals have been
studied in the present work in different dissolution media (Figure 6.10). Pyrene is
insoluble in water but slightly soluble in ethanol; pyrene solubility increases as the
average solvent polarity decreases. Pyrene release was complete in about 2 days in 60%
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ethanol/water but incomplete after 14 days in 30% ethanol/water. Limited pyrene release
was detected in 10% ethanol/water. As release o f encapsulant depends on dissolution, the
driving force for pyrene diffusion through the polypeptide microcapsule membrane will
vary with solubility. Compared with PSS/(PLL/PLGA)8-coated ones, the release kinetics
o f PSS-precoated pyrene microcrystals increase in each dissolution medium, showing the
effectiveness o f polypeptide microcapsule membrane as diffusion barrier (Figure 6.10).
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Figure 6.10 Influence o f polarity o f dissolution medium on pyrene release. Pyrene
microcrystals are coated with PSS/(PLL/PLGA)g in all cases. The control experiments o f
PSS-precoated pyrene microcrystals are also included. The upper and lower panel on the
right show more details o f pyrene release in 60% and 10% ethanol/water, respectively.

6.4 Discussion
6.4.1 Typical Pyrene Release Kinetics
Encapsulant release consists o f two processes: dissolution and diffusion. The former
is determined by encapsulant solubility in a given dissolution medium, the latter by
physical and chemical properties o f the microcapsule. The concentration o f pyrene inside
the microcapsules studied here will reach saturation shortly after solvent intrusion,
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forming a steep concentration gradient o f the model drug across the polypeptide
multilayer membrane. The resulting osmotic pressure difference could lead to
considerable mechanical stress on the membrane, accelerating release by way o f a
structural change [18,144,145]. There are at least two notional phases o f the release o f
encapsulant. The faster one will conclude with the structural rearrangement o f
polypeptides in a microcapsule. Then, steady and slow release o f encapsulant will
commence, with small molecule migration across the polypeptide microcapsule
membrane becoming the rate limiting step o f the process. As release continues, the
concentration gradient across the barrier will decrease, and the microcapsule will act
more efficiently as a diffusion barrier. If polyelectrolyte structure and film architecture
can be shown to influence film properties, they can be considered variables in the design
o f capsules for the control o f release o f encapsulated compounds.
Antipov et al. [151] have suggested three stages o f dissolution o f fluorescein
encapsulated by PSS/(PAH/PSS)8: (1) a comparatively short induction period, followed
by (2) dissolution at a constant rate, followed by (3) leveling off o f dissolution. Later,
Antipov et al. [154] described fluorescein release from PSS/(PAH/PSS)„ as consisting o f
two major parts: “linear” and “exponential”. A different view has been put forward by
Shi et al. [145], based on pyrene dissolution and release from PSS/(PAH/PSS)„: multiple
stages o f release arise from a large distribution in microparticle size and shape, the
kinetics depending on the nature o f the preadsorbed amphiphilic layer. For example, a
unique “S-type” release-time profile was found in the case o f precoating with DPPC
[145].
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In the present work, a relatively large variation was found in the size and shape o f
pyrene microcrystals (Figure 6.2). In general, pyrene release from polypeptide
microcapsules occurred in two stages: a “fast” and “b rie f’ phase followed by a
comparatively “slow” and “long” phase. A second-order exponential model was therefore
considered appropriate for analysis. Three types o f release kinetics have been found
(Figure 6.4). In Type I, the two stages o f release are connected by a gradual transition,
and the concentration o f pyrene in the release medium reaches saturation in a defined
time. Just the opposite is characteristic o f the other two types o f behavior, and a plateau
o f fluorescence intensity during the transition between stages distinguishes Type II from
Type III. In some cases, completion o f pyrene release was delayed by a defined time. For
example, further increase in fluorescence intensity o f pyrene is very likely after 6 h o f
release in the cases of PSS/(PLL/N2)8 and PSS/(P2/PLGA)s. The basic character o f
pyrene release from polypeptide microcapsules is suggested by the magnitude o f the
fitted time constants. A large time constant suggests high efficiency o f the diffusion
barrier. Often, in the work reported here, a large time constant is accompanied by a sharp
transition from fast to slow release. In some cases, the plateau evident between stages
might reflect the recovery o f polypeptide microcapsules from a shift in osmotic pressure.
In any case, the data show that polypeptide microcapsule composition and precoating
material will have a marked influence on pyrene release kinetics.
6.4.2 Encapsulation by Polypeptides
o f Different Structures

Polypeptides have unique properties vis-a-vis the polyelectrolytes better-known in the
LBL research community, which make them promising not only for multilayer films but
also microcapsules. In the present study, pyrene release was generally slower for the
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thicker and more hydrophobic polypeptide microcapsules (Figures 6.5a, 6.5b, and 6.5d),
but there is no obvious relationship between release rate and film density (Figure 6.5c).
Pyrene, a low molecular weight fluorescent dye, is likely to be small in comparison with
the size o f pores in the membrane. It is likely that the interplay between pyrene and
polypeptides within microcapsules will play a key role in pyene release, and not only the
size and shape o f the pyrene molecules.
The complicated effect o f peptide structure and film architecture on pyrene release
could be further illustrated by the following example. An idealized structural model for
P3 and N3 in LBL (Figure 4.7) is shown in Figure 6.11. A bilayer o f P3 or N3 is formed
during an adsorption step, with the like-charged polypeptides being stabilized by a
combination o f hydrophobic and hydrophilic interactions. The ability to stack successive
layers and the degree o f match o f chemical properties, however, will differ for P3 and N3.
During bilayer formation, valine residues will form hydrophobic clusters separated by
hydrophilic serine or asparagine residues. The disruption o f hydrophobic clusters by the
polar side chains could be compensated by the formation of a more extensive hydrogen
bonding network. In any case, during pyrene release dissolved pyrene molecules will
intercalate between peptides and potentially interact simultaneously with serine and
valine residues o f P3 by 7T-hydrogen bonds and hydrophobic interactions, respectively
(Figure 6.11a). The result is polypeptide microcapsule stabilization and control over
pyrene release. It might be more difficult to realize intercalation in the case o f N3 than P3
due to increased steric hindrance and hydrogen bonding (Figure 6.11b). This view is
consistent with the observed relatively slow pyrene release kinetics from P3-containing
polypeptide microcapsules and the relatively fast release kinetics from N3 capsules.
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Dissolved pyrene molecules may help to
stabilize the stack o f P3 bilayers by
simultaneously interacting with valine
and serine residues.
▲ Hydrophobic valine residue

a

Dissolved pyrene molecules may not help
to stabilize the stack of N3 bilayers due to
steric hindrance and extensive hydrogen
bonding network.

Hydrogen donor or acceptor

Pyrene molecule

Figure 6.11 Schematic illustration o f hypothetical pyrene intercalation between a P3
bilayer (left panel) and N3 bilayer (right panel) within a polypeptide microcapsule.

6.4.3 Precoating by Designed
Amphiphilic
Polypeptides
A large percentage o f small pharmacological agents are hydrophobic. This presents a
challenge for encapsulation

and delivery in

aqueous media.

For electrostatic

polyelectrolyte LBL to be useful for coating microcrystals o f such agents, the crystals
must be dispersed, rendered polar, and stabilized in aqueous solution. Amphiphilic
polyelectrolytes, ionic surfactants, and phospholipids have been used to “precharge”
various hydrophobic dye and drug microcrystals for increased solubility in water and
electrostatic polyelectrolyte LBL encapsulation [144-147]. The approach resembles the
solubilization o f hydrophobic and inorganic compounds with amphiphilic block
copolymers, as well as the stabilization o f gold nanoparticles in aqueous solution [275277], Ma et al. [278] have used the amphiphilic diblock copolymer poly(styrene-6-acrylic
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acid) to form polymer-micelle building blocks for LBL, enabling the incorporation and
controlled release o f water-insoluble dyes.
The designed polypeptides studied here are amphiphilic for different reasons from
PSS: hydrophobic valine side chains alternate with charged glutamic acid or lysine side
chains along the polymer chain. The encapsulation and release data would suggest that
amphiphilic peptides, whether positively or negatively charged, are able to precoat
uncharged pyrene microcrystals. Compared with the PSS side chains, the hydrophobic
and charged groups o f the designed polypeptides are small and well separated; there is
comparatively little steric hindrance o f hydrophobic side chains from interaction with the
surface on adsorption. Designed polypeptides can have a relatively low degree o f
polymerization and Still be useful for LBL ([205,207,279]; this work), and their ability to
form /? sheet can bring considerable order to film internal structure ([207]; see Chapter 5).
The precoatings made o f designed polypeptides will therefore tend to be dense (see
Chapter 5), hindering pyrene release.

6.5 Summary
Microcrystals o f model hydrophobic drug, namely the uncharged fluorescent dye,
pyrene, have been encapsulated by LBL with commercial polypeptides or designed
polypeptides, and the release o f the encapsulant into different media has been studied as a
function o f microcapsule

architecture.

Designed

amphiphilic polypeptides with

successive hydrophobic and charged side chains have proved suitable for precoating o f

the model drug microcrystals for LBL; all polymers employed in the encapsulation of
pyrene reported here are biocompatible and biodegradable. Pyrene release behavior has
been found to depend on polypeptide microcapsule architecture, varying with deposited
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mass o f polypeptide, non-covalent interactions between polypeptides within the
microcapsule, internal film structure, and film stability. Polypeptide microencapsulation
prolonged pyrene release; the rate o f pyrene dissolution varied by as much as a factor o f 6.
The data would suggest that substantially greater control over release rate could be
realized by further iterations on the peptide structure and capsule architecture design and
engineering loop. The results open up a new area o f exploration o f drug patent lifetime
extension, drug formulation development, and control o f release rate.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Conclusions and Contributions
Key concerns o f biomaterials development include biodegradability, biocompatibility,
immunogenicity, and control over structure and function, increasingly at the molecular
scale [150,280]. Protein- and peptide-based films are interesting biomaterials by virtue o f
their inherent biodegradability, edibility, and biocompatibility [281]. Amino acid
sequence can be manipulated [176] for control o f functionality [209] and immune
properties [282]. Awareness is growing that polypeptide multilayer films are promising
for numerous applications in medicine, biotechnology, environmental science and other
areas, by virtue o f the vast space o f possible and indeed realizable peptide sequences and
multilayer film architecture [5,38]. Study o f polypeptide self-assembly in multilayer film
fabrication could also help to solve a related, longstanding intellectual puzzle, namely,
that o f understanding how the sequence o f amino acids in a polypeptide chain translates
into a folded and biologically functional protein.
7.1.1 Physical Basis o f Polypeptide
Multilayer Films: How to
Control by Design
The present study tried to reveal the physical basis o f polypeptide multilayer films by
rational design o f polypeptides and investigation o f multilayer films made o f them. In all,
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ten designed polypeptides and twelve commercially available PLL and PLGA were used,
enabling exquisite control over relative contributions o f non-covalent interactions, degree
o f polymerization and polydispersity, and cross-linking ability. It was found that the
assembly, stability, and various physical properties o f polypeptide multilayer films had
context dependence, where context means polypeptide structure and interaction. The
following are some highlights o f this work, shedding light on peptide design and material
engineering for specific application o f polypeptide multilayer films.
7.1.1.1 Role ofNon-Covalent
Interactions
7.1.1.1.1 Electrostatic interactions
Electrostatic interactions act as the main driving force for the formation o f
polypeptide multilayer films. However, the requirement o f linear charge density o f
participating polypeptides must not be too strict, for it can be as low as |A| ~ 0.5.
Electrostatic interactions also play a key role in stabilizing polypeptide multilayer films.
If seriously weakened, e.g. by pH shift, these films will disintegrate despite the remaining
hydrophobic interactions and hydrogen bonding.
Gauss’s law and electroneutrality will be fulfilled by all means within polypeptide
multilayer films. There are two mechanisms o f neutralization: intrinsic neutralization is
by oppositely charged polypeptides whereas extrinsic neutralization is by counterions.
The entrapment o f small counterions within polypeptide multilayer films will cause
significant decrease in entropy, making extrinsic neutralization less energetically

favorable. However, it is still in need to compensate incomplete intrinsic neutralization
due to relatively long chain length and irregular conformation o f polypeptides.
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Generally, if paired polypeptides are highly charged and short, they tend to have
higher solubility and more extended conformation. Thus, their assembly behavior will be
more self-limiting, resulting in thinner, smoother, denser and more stable films. This
becomes obvious when they even have matched charge density and chain length. Charge
density mismatch between polypeptides might cause anomalous adsorption, e.g.
supralinear growth. This mismatch can change the charge density and even roughness o f
film surface on successive adsorption steps and increase the odds o f diffusion and
reorganization.
The methods to control relative contribution o f electrostatic interactions fall into two
categories: changes in charge density o f paired polypeptides and changes in solution pH
and ionic strength. By rational design, not only charge density but also charge
distribution of a polypeptide chain can be well defined, which will determine the local
electrostatic environment o f charged side chains and therefore their ionization properties:
In addition, the pKa o f a charged side chain will change on polypeptide adsorption.
7.1.1.1.2 Hydrophobic interactions
Hydrophobic interactions act as one o f important driving forces during film assembly.
They also can help to stabilize polypeptide multilayers when electrostatic interactions are
not seriously weakened. The relative contribution o f hydrophobic interactions depends on
the hydrophobicity o f participating polypeptides. Though the side chains in a polypeptide
can be charged, polar but uncharged or nonpolar, all can contribute to thermodynamically
favorable hydrophobic interactions. The hydrophobicity o f a side chain is scaled with its
fraction o f solvent-accessible nonpolar surface area. High hydrophobicity o f a
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polypeptide will result in lower solubility, more coils and loops, and even collapse in
structure especially when it has relatively long chain length.
More hydrophobic interactions will decrease the likelihood o f self-limited deposition,
decrease film density, and increase surface roughness due to the formation o f irregular
structures. In addition, the possibilities o f polypeptide aggregation and fibril formation
might be increased, given favorable amino acid sequence. For example, designed
alternating polypeptides could form multiple layers by itself before or upon adsorption.
This fibril-like structure is based on /3 sheet formation and stabilized by hydrophobic
stacking, resulting in certain orientation o f polypeptide molecules within multilayer films.
It is hydrophobic effect that is responsible for the compact globule formation o f the
protein chain and for the stabilization o f the folded globular protein structure. However,
the hardening o f a protein depends on van der Waals interactions as well as electrostatic
interactions and hydrogen bonding [186]. In current case, the complexation o f oppositely
charged polypeptides and therefore the formation o f multilayer films are driven by
electrostatic interactions, but hydrophobic interactions tend to loosen their internal
structure.
7.1.1.1.3 Hydrogen bonding
Hydrogen bonding acts as another important driving force for the formation o f
polypeptide multilayers. It also can help to stabilize film structure when electrostatic
interactions are not seriously weakened. The relative contribution o f hydrogen bonding
mainly depends on potential donors and acceptors on polypeptide backbone and side
chain. Besides orientation sensitivity, the bond strength o f hydrogen bonding also relies
on the local electrostatic environment for dipole interactions. Having comparable bond
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energy, hydrophilic hydrogen bonding and hydrophobic interactions might interrupt each
other due to the contradiction in nature.
Three kinds o f hydrogen bonding exist in polypeptide multilayer films: the one
between backbone(s), between side chains, and between backbone and side chain. The
first is essential to the formation and stabilization o f secondary structure, and all three
have great effects on the molecular conformation o f polypeptides and the overall crosslinking network within multilayer films. Similar to hydrophobic interactions, hydrogen
bonding will decrease film density and increase surface roughness, however, to much less
extent. The hydrogen bonding between various chemical groups on polypeptide backbone
and side chain and that between these chemical groups and water molecules have about
the same bond strength, only an order o f magnitude higher than that o f thermal
movement. Thus, it allows structure reorganization o f multilayer films after polypeptide
adsorption.
The hydrogen bonding potential o f donors and acceptors must be fulfilled within
polypeptide multilayer films as in the hydrophobic core o f folded globular proteins,
because the exposure o f a partially charged donor or acceptor in the film will cause high
entropy cost. Therefore, each donors and acceptors must approach its own counterpart
appropriately to meet the constraint of directionality and allow effective hydrogen
bonding. However, the price might be bond bending in some degree and the formation o f
irregular structure. Some water molecules and counterions might remain in polypeptide
multilayer films to fulfill hydrogen bonding potential.
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7.1.1.2 Role o f Propensity to Form
Secondary Structure
Polypeptides mainly adopt random coil conformation in solution at neutral pH,
though a certain amount o f (3 sheet might appear in some alternating polypeptides. In
polypeptide multilayer films at neutral pH, the content o f j8 sheet significantly increases
and even becomes dominant, but little a helix exists. Polypeptide complexes and
multilayer films have similar secondary structure composition, because their formation
involves kinetic trapping o f polypeptides from solution, influenced by their original
conformation in solution. The existence o f various secondary structures will introduce
order in internal structure and anisotropy in physical property o f polypeptide multilayer
films. They are distinct from conventional multilayer films made o f flexible
polyelectrolytes, which tend to be fuzzy, disordered or only ordered to a limited extent,
and therefore isotropic. Though the degree o f order in polypeptide multilayer films is not
as high as that in folded globular protein, the packing density and /3 sheet content are
comparable in both cases.
The propensity o f polypeptides to form secondary structure in solution and film will
influence film assembly o f polypeptide multilayers. It will be more difficult for
polypeptides to adsorb onto the surface and reorganize within the film to minimize free
energy o f whole system, if they preform a substantial amount o f secondary structure in
solution which is indeed a kinetically trapped conformation. However, if polypeptides
with the propensity to form secondary structure remain random coil conformation to

some extent in solution, there will be more freedom for them to reorganize after
adsorption, forming secondary structure and adopting optimal orientation in film.
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The formation o f secondary structure could facilitate the diffusion o f polypeptides in
multilayer films and therefore the restructuring o f entire cross-linking network. In
addition, the reorganization o f polypeptides after adsorption could induce more ordered
internal structure and further stabilize multilayer films. This process is possible due to the
relatively weak interactions, e.g. hydrogen bonding, between polypeptide molecules. The
growth mode o f polypeptide multilayer films is correlated with the secondary structure
content in the film. For example, supralinear growth could result from a large degree o f
order induced by j8 sheet formation.
The conformational preference to form certain secondary structure differs from one
amino acid residue to another. In addition, the secondary structure formation in a
polypeptide is determined by a number o f amino acid residues adjacent in the sequence.
The secondary structure content o f a polypeptide multilayer film depends on both internal
and external context, such as the amino acid composition, degree o f polymerization and
polydispersity o f paired polypeptides as well as the pH, ionic strength and composition o f
solution. The switching between secondary structures, known from protein folding and
amyloid fibril research, also occurs in polypeptide multilayer films upon environmental
perturbations. It could be caused by the diffusion o f polyelectrolytes, water molecules,
and counterions in the film, the change in local electrostatic environment o f polypeptides,
and the reorganization o f film internal structure. The extent, character, and reversibility
o f certain structural change are determined by the nature o f environmental perturbations
and the property o f polypeptide multilayer films.
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7.1.2 An Application: Polypeptide
Microcapsules and
Drug Release
The results gained from film study were subsequently used as a guide for fabrication
o f polypeptide microcapsule and control release o f model encapsulant. Pyrene
microcrystals, a hydrophobic fluorescent dye, were efficiently dispersed and stabilized in
an aqueous medium by PSS, an amphiphilic polyelectrolyte. Encapsulation o f the PSScoated crystals in different polypeptide multilayer film architectures was realized by LBL.
The release rate o f coated pyrene microcrystals on exposure to ethanol/water has been
found to vary by up to a factor o f 6 under the conditions o f the experiments. The data are
consistent with the hypothesis that the basic character o f pyrene release kinetics is
determined by the precoating material, polypeptide structure, and microcapsule
architecture. For polypeptide microcapsules with a given number o f layers, the more
polypeptide deposited per layer, the slower the dissolution rate o f coated pyrene
microcrystals. The data also suggest that the relative contribution o f electrostatic
interactions, hydrophobic interactions, and hydrogen bonds to multilayer film structure
and stability has a marked impact on drug release kinetics. In particular, pyrene release
tends to be retarded by the presence o f hydrophobic groups within the encapsulating
multilayer film. The perturbation and reorganization o f hydrogen bonding network o f
polypeptide microcapsule on pyrene release can also influence release kinetics. Designed
polypeptides would appear superior to PSS for hydrophobic microcrystal dispersion and
stabilization, as they are both suitable for the purpose and inherently biocompatible and
biodegradable. Moreover, control over peptide properties and film properties can be
realized by rational design o f peptide structure and film architecture. The foregoing
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would suggest that the combination o f designed polypeptides and LBL is promising for
drug encapsulation and controlled release, especially considering the ability to control
biochemical and biophysical properties o f the outer layer o f the multilayer coating.

1.2 Future Work and Prospect
Based on the conclusions o f this dissertation, there are several considerations in
rational design o f polypeptide for LBL, i.e. determination o f amino acid composition and
sequence o f polypeptide: charge density and distribution, hydrophobicity, hydrogen
bonding potential, propensity to form secondary structure, as well as degree of
polymerization and polydispersity, each o f which has unique effect on the assembly,
stability and other physical properties o f polypeptide multilayer films. The present
research has laid the foundation for more thorough study and more specific application o f
these novel biomaterials. The following are a few possibilities for future work.
7.2.1 MD Simulation for Prediction
and Design
It must be assumed that computer-based approaches will someday be advantageous
for

the

development

o f polyelectrolyte

multilayer thin

film

technology

[5],

Complementary with the experimental work o f polypeptide multilayer films in this
dissertation, MD simulation o f corresponding IPECs have been carried out in vacuum
and in implicit solvent, respectively modeling a dehydrated film and a hydrated film
[205,206]. Results from both studies show remarkable correlations on the same
polypeptide designs. However, more than two designed polypeptide molecules can be
involved in one large molecular system and allowed to interact with each other in vacuum
and in aqueous medium. In addition, explicit solvent is more realistic than vacuum and
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implicit solvent in the process o f film assembly, because it is more accurate to treat a
large number o f solvent molecules explicitly in MD simulation. The common starting
point right now is classical (3 sheet structure, but it is more informative to simulate the
entire process o f secondary structure formation by polypeptides from random coil
conformation in explicit solvent. In a word, MD simulation can predict structural and
dynamical properties o f polypeptide multilayer films, save the expense o f experimental
work, and provide the basis for rational design.
7.2.2 Involvement o f Arginine-Glvcine
-Aspartate (RGD1
and/or Cysteine
The RGD sequence occurs in a surprising number o f different extracellular matrix
(ECM) and platelet adhesion proteins, notably fibronectin, and is a key cell recognition
signal for integrins. Features o f cell adhesion vary with the flanking residues o f the RGD
peptide and distribution o f the signal on a surface. A bioactive coating can be prepared
through functionalization o f a multilayer film by using RGD-containing peptides, which
has controlled biofunctionality o f proliferation or nonproliferation o f a particular cell line.
The free thiols in cysteine-containing polypeptides seem particularly advantageous
for “natural” film cross-linking (Figure 7.1): A reversible disulfide bond can be formed
under mild oxidizing conditions between two cysteines [11] and broken in the presence
o f a suitable reducing agent. Polypeptides designed to include cysteine can form disulfide
bonds between polymer chains in a multilayer film [115]. This markedly decreases the
rate o f film disintegration or extent o f disruption o f film structure at various harsh
environments [82,115,116,223]. In this dissertation, cycsteine-containing polypeptides
also prove to enhance polypeptide multilayer film stability upon environmental
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perturbation o f deposition o f PAH and PSS. The above artificial ECM can include
cysteine-containing polypeptides to further improve its stability. Disulfide cross-linking
could be particularly useful for peptide-based microencapsulation or sensitivity to the
reducing potential o f the surrounding environment [264]. Another possibility would be to
use cysteine-containing and suitably charged peptides for stimulated release from a film
o f specific compounds bound to the peptides by disulfide linkages [283].
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Figure 7.1 Schematic view o f disulfide bond stabilization o f a polypeptide multilayer
film. The film is made o f polypeptides containing the amino acid cysteine. Under
oxidizing conditions, disulfide bonds form between polymers, altering mechanical
properties o f the film at neutral pH. Cross-links also limit film disassembly in an extreme
pH environment, curbing the ability o f electrostatic repulsion to drive film constituents
apart. No disulfide bonds are formed under reducing conditions. Disulfide bond
formation is reversible. Exposure o f a cross-linked film to reducing conditions thus
results in rupture o f the disulfide bonds. If the cross-links are broken under extreme
conditions, film disassembly will occur. [5,115]

7.2.3 Minimizing Immunogenicity
by Genomic Information
Immonogenicity o f a peptide is maximized, according to one rule, by keeping the
predicted hydrophobicity low and the predicted hydrophilicity, backbone flexibility,
surface accessibility, and odds o f fi turn formation high [284]. Length too is a factor in
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determining the immune response o f a peptide. Most peptide antigens are 12-16 residues
long, though peptides 9 residues or shorter can be effective immunogens [285]. It seems
that immunogenicity might be minimized by standing the maximization approach on its
head. Work in this direction could be important for the development o f some kinds o f in
vivo applications o f LBL films and microcapsules.
Zheng et al. [279] have suggested that the immunogenecity o f peptide designed for
LBL might be minimized by basing the amino acid sequences on solvent-exposed regions
in the folded states o f proteins from the same organism. Design elements 7 residues in
length, called “sequence motifs”, have been identified in protein-encoding regions o f the
human genome for optimizing certain physical, chemical, and biological properties o f
structures made by LBL. Peptide designs based on these motifs have been shown suitable
for multilayer film assembly. For intravenous applications, human blood proteins might
be a particularly rich source o f motifs for peptide design. Microcapsules manufactured
from such peptides might be useful for the development o f artificial red blood cells or
drug delivery systems. Initial results in this direction are promising [264].
7.2.4 Varying Model Encapsulant
for Drug Release Study
The physical and chemical properties o f encapsulant are one o f the keys to rational
design o f polypeptide for controlled drug delivery. For example, encapsulant solubility
determines the way to fabricate polypeptide microcapsule and the dissolution medium for
drug release. The characteristic charge density, hydrophobicity and hydrogen bonding

potential

o f encapsulant molecules

determine their interplay with polypeptide

microcapsules and therefore the drug release kinetics. In this dissertation, only one model
encapsulant, pyrene microcrystals, has been coated by polypeptide multilayer films and
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released by exposure to ethanol/water mixture. Pyrene represents low molecular weight
hydrophobic drug molecule and the dissolution medium used is quite different from
physiological condition. Two promising model encapsulants are levodopa (formula:
C9H11NO4; molecular weight: 197.19 Da) and cyclosporine (formula: C 62H 111N 11O 12;

molecular weight: 1202.61 Da). Levodopa is an intermediate in dopamine biosynthesis
and clinically used as an anti-Parkinson therapeutic agent for the treatment o f Parkinson’s
disease. It represents low molecular weight hydrophilic drug molecule. Levodopa is
slightly soluble in water and practically insoluble in ethanol. Cyclosporine is an
immunosuppressant drug and clinically used as an antibiotic to prevent rejection
following solid organ and bone marrow transplantation. It is a nonpolar cyclic
oligopeptide (undecapeptide) metabolite produced by the fungus Tolypocladium inflatum.
Cyclosporine is slightly soluble in water and soluble in various organic solvents. For both
model drugs, polypeptide encapsulation technology can be used for sustained release
under physiological conditions in vitro and in vivo.
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